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ABSTRACT
The diffusion of small molecules into glassy polymers is often observed to be 
of the anomalous Case II type. This thesis describes the first comprehensive 
study of acetone vapour penetrating into PVC. It has been shown that this 
diffusion process is of the Case II type. The initial stages of the diffusion 
process have been studied using ion beam nuclear reaction analysis (NRA) 
whilst long range diffusion has been studied using broadline nuclear magnetic 
resonance (NMR) imaging techniques. This is the first time that short and 
long term behaviour has been studied in the same system and has permitted 
a test of the Thomas and Windle theory covering both regimes. It is also the 
first time that broadline NMR imaging has been used to study Case II 
diffusion and this has permitted a study of the polymer as well as the 
penetrant. A new NMR technique has been developed for this.
Characteristic parameters of the diffusion process have been determined. The 
velocity of the diffusion front advance is typically 0.042 mmhr' 1 and the 
diffusion coefficient is 7 xlO' 11 cm2s_1 at room temperature. The effects of 
variation of exposure temperature and the activity of the vapour on the 
diffusion dynamics have been investigated. The NMR profiles have shown an 
unexpectedly long Fickian precursor extending into the inner glassy core of the 
samples. To complement the NMR imaging results, the NMR spin spin 
relaxation times of samples have been measured, and high resolution 13C NMR 
spectroscopy has been performed on the samples.
Evidence has been found for continued disentanglement of the polymer chains 
long after mass equilibration of the region of the PVC swollen by acetone 
vapour. This disentanglement has been shown to be strongly dependent on 
the exposure temperature.
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C H APTER 1
NUCLEAR MAGNETIC RESONANCE AND 
CHARGED PARTICLE BEAM ANALYSIS THEORY
M  INTRODUCTION
This chapter covers the aspects of the theory of Nuclear Magnetic Resonance 
and charged particle beam analysis relevant to this study. NMR imaging is a 
branch of science which continues to grow with advancements in both 
technology and realisation of potential and uses. NMR is a process in which 
nuclei with a non-integer spin, such as XH, are placed in a static magnetic field. 
The application of an additional time varying orthogonal magnetic field causes 
excitation, leading to relaxation processes, resulting in a signal which is 
subsequently detected. With the use of additional magnetic field gradients the 
spatially encoded signals produced may be manipulated to form images.
The first two sections of this chapter cover nuclear excitation and relaxation. 
These may be considered, as with many branches of physics both classically 
and quantum mechanically. The classical description is introduced first as it 
provides a more easily understood explanation of the overall process. The 
quantum mechanical treatment which follows affords more insight and is 
essential for the progression to more advanced aspects of the subject such as 
a consideration of the dipolar interaction in solid materials. The next section 
covers the observed signal in it's various forms, such as echoes, and it's 
detection and measurements of relaxation times. Finally all relevant aspects 
of imaging are discussed along with the imaging sequences used. The theory 
of the ion beam nuclear reaction analysis technique is then covered, starting 
with the particular reaction used. All the central and relevant aspects are
1
discussed following which are sections on the two techniques used to obtain 
concentration profiles of very different spatial range and resolution.
1.2 NMR THEORY
1.2.1 NUCLEAR EXCITATION AND RELAXATION
1.2.1.1 CLASSICAL APPROACH
NMR is a phenomenon which may be observed if nuclei possessing a magnetic 
moment are placed in static magnetic field and allowed to interact with an 
applied time varying orthogonal magnetic field.
If a nucleus of an atom has magnetic moment p. and angular moment P, then 
P and p are related by the magnetogyric ratio y
p = yp  1  • 1
magnetic nucleus placed in a magnetic field experiences a torque, equal 
e rate of change of angular momentum
ML = -LL A B 1 .
to
Combining 1.1 and 1.2 gives an expression for the rate of change of the 
magnetic moment
/ E  = p A yB  1 .3
d t 1
2
This may be solved by expanding the cross product and integrating with 
respect to time. Adopting the conventional magnetic field direction of z, gives 
the solutions
= A 1 cos (-yBzt  + a)£ = A; sin (-TBit ♦ a) x '4
M-z ~ a 2
Where A u A 2 and angle a  are constants determined by the initial position of 
p. when B was applied along the z axis. The equations show that pz is time 
independent and therefore the angle ft. makes with z axis does not change. It 
can be arbitrarily set to a value p such as in fig 1 .1 . So pz can be rewritten
jiz = A2 = | p |  c o s [3 1 . 5
and hence
A 1 = | | i |  s i n [ 3  1 .  6
If the magnetic moment is off axis as in fig 1 ! it precesses around z in 
accordance with equation 1.4 at a rate co0, given by
C0o = YBZ 1 . 7
To simplify further analysis the present reference frame, known as the 
laboratory frame may be transformed by rotating at the precession frequency, 
co0. Equation 1.3 in the laboratory frame now becomes
+  = H A ( y B  -  co0) 1.8
In the rotating frame, the magnetic field becomes an effective field given by
3
Since the frequency of cOq = -yB, Beff = 0 leaving the magnetic moment 
stationary. co0 is known as the Larmour frequency and is dependent on the 
applied magnetic field and through y on the nucleus being studied.
A measurement may be effected by a pulse of oscillating magnetic field 
orthogonal to z. The oscillating field consists of two circularly polarised 
counter rotating fields of amplitude B1. If the frequency is equal to the 
Larmour frequency then one will be rotating at co0 and will appear stationary 
while the other will be rotating effectively 2 c0q off resonance and may be 
ignored. Assuming B1  to be in the x' direction as shown in fig 1.2, where x', 
y' and z ' denote the axes of the rotating reference frame, the effect of is to 
rotate p  from z' towards y '  through an angle (j). The angle is determined by 
the duration of the pulse
4> =  T B i  tp 1 . 1 0
Since the frequency of rotation of the component of the field required for 
transitions is in the radio frequency region, it is known as the rf pulse. So p 
may be rotated through a desired angle by an rf pulse of the appropriate 
length. For (J) = tc/ 2 = 90° pulse.
A system will consist of a number of such magnetic moments p^  and the bulk 
magnetisation of a sample is simply the vector sum of the components,
M = Z p i  1 . 1 1
4
zFIGURE 1 . 1
FIGU RE 1.2
NUCLEAR MAGNETIC MOMENT IN THE LABORATORY 
FRAME
Z'
NUCLEAR MAGNETIC MOMENT IN THF. ROTATING FR A MF
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1.2.1.2 ELEMENTARY RELAXATION MECHANISMS
When a spin system such as that described in the previous section is placed 
in a static magnetic field B0 the magnetisation in the direction of the field will 
increase slowly to a maximum value, M0. This value is approached 
exponentially with characteristic time constant, known as Tv as noted by Bloch 
in 1964. Bloch also made postulations regarding the relaxation processes 
experienced by the components of the magnetisation following the application 
of an rf pulse. He stated that the Mx and My components could be described 
by exponentially decaying functions with the time constant T2, known as the 
transverse relaxation time. The processes that cause the decay of Mx and My 
do not alter the total energy of the spin system. Bloch also stated that the 
motion of the magnetisation around B and the relaxation processes could be 
combined and so produced the following equations
In the presence of pulses and in the laboratory reference frame these equations 
become
1 .1 2
1 .13
1 .14
dM M_Ji = Y(MyB0 - MZBX sincot) - S t 1.15
6
dM MY = y(-MxB0 + MZB1 cosCOt) - —1 1.16
d t  x 2 1  T2
, k M -Mn „z = Y(MxB0 - MBj co sCOt) - — I ° 1.17
So there are two main relaxation times following a 90° pulse, the spin lattice 
relaxation time Ta and the spin spin relaxation time T2. © is the time taken for 
the magnetisation to regain it's equilibrium value M0 along the z axis, as 
indicated in figure 1.3. T2 is the time for the spins to fully dephase in the x-y 
plane due to the interactions between the spins themselves, as indicated in 
figure 1.4. In addition to © and T2 there are two other relaxation processes 
which affect the NMR signal, denoted by the characteristic times T2* and Tlp.
1.2.1.3 SPIN LOCKING AND Tlp
Following a 90° rf pulse the magnetisation is in the x-y plane and experiences 
transverse relaxation. If the phase of the rf is altered by 90° following the 
pulse and it's application continued, it becomes aligned with the 
magnetisation. In the rotating reference frame it is the only field that affects 
the magnetisation. The magnetisation is said to be 'spin locked' by the rf field, 
Br  It's magnitude, however, is larger than can maintain as it was generated 
by B0 and not allowed to relax as normal by the immediate phase change of 
the rf. The magnetisation will therefore decay to a value sustainable by Blf 
and this value is (B^B^Mq. This relaxation is known as spin lattice relaxation 
in the rotating frame, or Tlp, and is commonly exponential in nature. Usually 
for mobile liquids Tip ** Tj * T2, and for solids it may vary substantially from 
both Ta and T2. Tlp is encountered in solid echo sequences.
7
FIGURE 1.3 SCHEMATIC OF SPIN LATTICE RELAXATION
FIGURE 1.4 SCHEMATIC OF SPIN SPIN RELAXATION
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1.2.1.4 T2* RELAXATION
In practice the magnetic field B0 is not perfectly homogeneous. Following a 
90° pulse the transverse relaxation of the spins is affected by the 
inhomogeneities of B0 in addition to the spin spin interactions. This causes the 
magnetisation to dephase at a faster rate than for transverse relaxation in a 
perfectly homogeneous field. This relaxation lime is known as T2*. Since the 
broadening effect on the linewidth due to field homogeneity is ordered it may 
be 'undone! This means that the extra dephasing can be rephased with the 
use of an appropriate pulse sequence as will be shown later in the chapter. 
This is in contrast to true T2 relaxation which is a random and irreversible 
process.
1.2.1.5 QUANTUM MECHANICAL DESCRIPTION
In order to describe NMR theory Quantum Mechanically it is useful to first
recall some basic results. The total angular momentum of a nucleus is made
up of intrinsic spin angular momentum and orbital angular momentum and
is usually known as 'spin'. The total angular momentum vector P of an
isolated particle is quantised and may be described by an operator P. Only
the magnitude P2 and one spatial component for example Pz may be specified,
*
P 2 = J ( I + 1 )  1 1  = 0 ,  V s ^ l ...............  1 - 1 Q
P 2 = raj  * f o r  mT I , 1 - 1 , 1 . 1 9
where I and irij are quantum numbers and >>=h/27t, where h is Plank's 
constant, ml takes on the values -I,-I+1....I, Once again, considering the
interaction between a magnetic moment and an applied magnetic field we may 
write the interaction energy as
- p . S  1 .2 0
This allows the construction of the energy operator or Hamiltonian to express 
the energy and stationary states of the system
TC= - p .B  l -21
If the applied field is in the z direction, substitution for jl gives,
TC= - B zy !h i z 1 . 2 2
Where Iz is the angular momentum operator in the z direction. The nuclei to 
be considered are hydrogen nuclei, ie protons, so I = Vz and nq has 2 values, 
± Vz. This gives two stationary states of the system with energies,
Em = - y t ) B 0m m = Vz, -Vz 1 . 2 3
The effect of the magnetic field, therefore is to lift the nuclear spin degeneracy 
of the ground state to give two magnetic sub levels, known as Zeeman levels, 
aligned either parallel and antiparallel to the field, with a separation of yhB0. 
Transitions between Zeeman levels may be induced by the application of an 
alternating magnetic field orthogonal to B0,
2 B1i  c o s c o t  = B1 ( i c o s c o t  -  j s i n c o t )  24
+ B1 ( i c o s Q t  -  j s i n C O t )
As in the previous section this consists of two counter rotating fields, one of 
frequency co and one of -co; 2 co off resonance, which is ignored.
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The effect of the applied field is to introduce a perturbation which may be 
described by the following Hamiltonian,
Hert = COSCOt 1-25
in the laboratory frame. In order for transitions to be induced the spin 
operator describing the spin perturbation must have finite values between spin 
states m' and m. For Ix the matrix elements are <m/ |!m|m>, and vanish 
unless,
Am = m'-m = ±1 1.26
From 1.23
AE = - y :hB0 (m/ -m) = - y l i B c = -7>co0 1 . 2 7
giving
co0 = y B 0 1 . 2 8
Nuclear transitions can therefore only be stimulated by rf radiation with 
frequency proportional to the field strength. Consider a system of N non 
interacting spin V2 nuclei. Let us denote the population of the upper level N+, 
the lower level N. and the population difference between them n, then
N + N = N + — 1 ?Q
N - N = n
The probability of a spin transition upward in energy from m = +V2  to m = -Vz 
is denoted by WT and a downward transition by WT. The rate governing the 
population in the upper level is given by,
11
d t
1 . 3 0
As there is no spontaneous emission for this system, only stimulated 
absorption and emission, W t = W-f = W in this case. So substitution for N+ 
and N_ gives
where n0 is the value at t = 0 , and the rate of energy absorbtion is given by,
—  =  N.WtiCO -  N Wlco
d t  '  1 .3 3
= tiCOWn
This result shows that there must be a non-zero population difference between 
the states for net absorbtion of rf energy. For this population difference to 
occur it is clear that the spin system must be coupled to another system with 
which energy can be exchanged. This thermal reservoir is called the lattice 
and has a temperature 0. If thermal equilibrium is established the populations 
of the levels N+° N_° obey a Boltzman distribution,
where kB is the Boltzman constant. In order for the exchange process to occur 
the nuclear levels will have the same relative populations as the corresponding
1.31
the solution of which is,
n = n0exp ( - 2 Wt) 1 . 32
12
lattice levels at thermal equilibrium
dN
d t
: = 0 1.35
and,
wT N.°_ h - _  1 .36
Wl
So that the probabilities of W? and W i are not equal. Substitution in equation
1.31 from 1.30 gives,
h  =N(wT-wT) -n(w i+w T) 1 .37
d t
or,
d n  = n o- n  
d t  T x
1.38
where,
w i-w T  
l° v wi+wt 1 .39
and
— = (Wvl + wT) 1 .40
Ti
The solution of 1.38 for a sample initially unmagnetised n(t=0) = 0 is,
13
n ( t )  = n. 1 - e x p ' - t " 1 . 4 1
This result shows that when a sample is placed in a magnetic field the 
magnetisation of a spin system rises exponentially to equilibrium with a time 
constant Tv  known as spin lattice relaxation time as it describes the interaction 
between the spins and the lattice.
1.2.1. 6  THE COMPLETE HAMILTONIAN
Earlier in this section it was shown that the interaction between the applied 
field and the spins is described using a Hamiltonian operator. This however 
does not form a complete picture of the Hamiltonian for an NMR spin system 
as there are many more interactions to be considered. The following gives a 
clearer picture of the extent of the terms of the Hamiltonian which describes 
the NMR phenomenon.
— ^Lppjjejj field (1Q7-8)
pUises do3-5)
"1 '^ gradients (102S)
"F "^Qipole dipole do3-4)
'Electric field gradients do1*6)
'^ chemical shielding do1-2)
g^piu Spin coupling do0-1)
-^ susceptibility do1-4)
+ .......
This more fully reflects the number of interactions to which the nuclei are 
susceptible with an indication of the relative strengths of the interactions. The
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merit of removing the large influence of the applied field by use of the 
rotating frame is now obvious, as it swamps all other terms. Not all spin 
systems are affected by all interactions, indeed, one may dominate in certain 
circumstances. From the discussions in previous sections the first four terms 
need no further elaboration. However, the electric field gradient interactions 
are due to electric quadropole interactions present when the nuclei under 
observation have a spin > Vz. The chemical sheilding interaction arises because 
of the screening of the nuclei from the magnetic field by the electrons. The 
energies of spins in a system may be modified by a small indirect interaction 
between the spins known as spin-spin coupling. Different materials have 
different magnetic susceptibilities, leading to changes in the magnetic field 
which may be severe in the case of liquids in porous solids.
1.2.1.7 DIPOLE DIPOLE INTERACTION
In solids there is not enough molecular motion to average the dipolar 
interaction between neighbouring nuclei to zero and it becomes the largest 
influence on the relaxation process. A system of spin Vz nuclei behave as an 
assembly of nuclear dipoles. The magnetic field of one dipole, couples with 
that of another, g2 to give an interaction whose energy is given by
E = m  • M-2
3 (fjq . r ) (|X2 . r 1.42
or in terms of the angular momentum operators
= Yi Y2* :
i x. i 2 3 ( I , . r )  ( I 7 . r
471
1 .43
where r is the vector between jjq and \l2, identical spin Vz nuclei 1  and 2 . By 
expressing the x and y terms of the hamiltonian using the raising and lowering
15
operators i+ and !' and transforming to spherical coordinates (r,0 ,(|)), as shown 
in fig 1.5 Van Vleck (1948) showed that the Hamiltonian may be written
^  v  J A + B + C + D + E + F ) _  1 4 4
r  J
where
A = Ilzi2z (l-3cos20)
B = -1/4 [I/I . 2 + I.1! /]  (1-3cos29)
C = -3/2 [ l /l2z + IlzI+2] (sin0 cosO e^)
D = -3/2 [ l % z  + U -2] (sin0 cos0 e1*)
E = -3/4 1 /1 / sin20 e 2H>
F = -3/4 I. 1 ! . 2 sin20 e2i<t>
Each of the terms A-F is the product of a spin and spatial operator. Using a 
set of spin Vz basis states Im^ m/) written as |aa) etc, the states coupled by 
each of the terms may be shown diagrammatically, as in figure 1 .6 .
Term A is diagonal in this basis and does not give rise to any Am=±l or ±2 
transitions. It only slightly affects the energy as it is a function of i /  and iz2. 
Term B is a function of i /1 2 + i / i /  and couples two otherwise degenerate 
states. It causes no Am=±l or ±2 transitions, but causes transitions between 
states of similar energy by flipping one spin up and the other down. It is 
known as the flip flop term and links states |ap) with |pa). Terms C and D 
are similar and cause transitions with Am=±l at a rate dependent on 0, <j) as 
they are functions of !Z1 and i2l ,  ie one raising or lowering operator. Terms
E and F are functions of two raising or lowering operators and therefore cause
Am=±2 transitions and flip both spins up or down.
Terms A and B do not result in any net change in the magnetisation of the 
system being only Am=0 transitions and therefore do not contribute to spin 
lattice relaxation. However they do contribute to spin spin relaxation. Terms
16
FIGURE 1.5 THE DIPOLE DIPOLE INTERACTION
A
TERMS
C, D, E and F represent Am=±l and Am=±2 transitions, altering the net 
populations of the states and so contribute primarily to spin lattice relaxation 
mechanisms.
1.2.1. 8  BPP THEORY
An early successful description of relaxation which is still widely applicable 
was given by Bloembergen, Purcell and Pound (1948) and has since been 
known as the BPP theory. The prerequisite for relaxation processes in NMR 
is a fluctuating field as there is no spontaneous relaxation of the nuclei. This 
field may be described using an autocorrelation function
g (x) = py (t7"7HjTr-nr i-4 5
where the bar indicates the time average. For a random, uncorrelated field
A s  X —> 0 G ( X ) —> B / T t T  = Bp2 1 . 4 6
A s  x + o o  G ( X ) —» 0
The exact form of G(x) depends on the type of motion and source of the 
fluctuation, however in most cases it proves sufficiently accurate to assume 
that an exponential describes the autocorrelation function
G (x) = B / (t) exp r -x  ^
f a  J
1 . 4 7
Where xc is the correlation time, that is the average time between 'spin moves' 
or the average fluctuation time. For solids xc is long and for liquids it is short. 
From G(x) it is straightforward to find the power spectrum in terms of it's 
frequency distribution, as G(x) is in the time domain and has a function in the 
frequency domain, related by Fourier transformation. This is the spectral
18
density function, J(co)
J(co) f - x )J B T  ( t ) e x p
L c )
e x p  ( -iCOT) dT 1 .  4.
H ence for GCc) exponential, the spectral density  function alw ays takes the form
2 t
J  (CO) = B /  ( t )
1+C02t,
1 . 4 9
A  p lo t of J(co) against frequency, figure 1.7, show s the differences for liqu ids, 
a) an d  solids, b). To proceed  fu rther the effects of the d ifferen t spatial 
com ponen ts m u s t be considered. The ro ta ting  fram e app roach  is ad o p ted  an d  
for any  m agnetic  field  to affect a particu la r com ponent of the m agnetisa tion  
it canno t be paralle l to it and  m u st be static in the ro ta ting  frame. It can be 
seen  then , th a t for the x and  y directions the spectral density  at the L arm our 
frequency  is app ro p ria te , w hile for the z  axis it w ill be static, giv ing
z r e l a x a t i o n  r a t e  [ J xx(co0) + J yy(co0]
x  r e l a x a t i o n  r a t e  ^  [ J yy(co0) + J zz ( 0 ) 3  1 . 5 0
y r e l a x a t i o n  r a t e  [ J xx(co0) + J z z (0 )  3
J in the above expressions m ay be rep laced  by tha t in equation  1.49 to give the 
long itud ina l relaxation  rate, T, and  the transverse relaxation rate, T2
= 2 y2B;
1 +co2t „2
1 . 5 1
_1_
t ,
= y2b :
(1 +G) T )
1 . 5 2
These relaxation rates may be sketched as a function of correlation time as
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F IG U R E  1.7 SPE C TR A L DENSITY AS A F U N C T I O N  OF F R E Q U E N C Y
FIGURE 1.8 RELAXATION TIMES AS A FUNCTION OF CORRELATION
TIME
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shown in figure 1.8. For short t c J(0) ~ J(co) which means that T2 ~ T1. For 
long xc J(0) -> oo and T2 —> 0 and so for solids T2 < Tr
1.2.2 SIGNAL DETECTION
1 .2 .2.1 FREE INDUCTION DECAY
The rf pulse used to manipulate the magnetisation is supplied via a coil, which 
is placed around the sample. It is this coil which is then used to detect the 
resulting NMR signal. RE receivers work by mixing the signal emf induced 
in the coil by the magnetisation with the output from a reference oscillator. 
By separately mixing the emf with two heterodyne references 90° out of phase 
with each other two signals are produced that are in effect the components of 
the magnetisation in the x and y directions. The mathematics of such signals 
is conveniently handled using complex numbers, with the real part 
corresponding to the x direction and the imaginary part to the y direction.
The NMR signal is measured in the time domain as an oscillating, decaying 
emf induced by the magnetisation in free precession and is therefore known 
as a free induction decay (FID). If the FID is Fourier transformed it gives the 
spectrum in the frequency domain, as shown in fig 1.9 (reproduced from 
Callaghan 1993). The real spectrum is known as the absorption spectrum and 
the imaginary is known as the dispersion spectrum. In practice the signal is 
sampled digitally using a finite number of sampling points with sampling 
interval T.
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1.2.2.2 THE H A H N  SPIN ECHO
The FID is the m o st basic N M R  signal obtainable in a p u lsed  experim ent. 
H ow ever the sp ins m ay be m an ip u la ted  using  certain  pu lses and  tim ings 
k n ow n  as sequences to p roduce  a signal in  ano ther form , such  as an  echo. The 
sp in  echo w as d iscovered  in  1950 by  E H ah n  and  is u sually  know n sim ply  as 
the H ah n  echo. The effect of inhom ogeneities in B0 is to ad d  an ex tra phase  
to  the p recessing  sp ins in  the x-y plane. By app ly ing  a 180° pulse a t a tim e x 
after the 90° pu lse  the extra phase  is reversed , causing a refocussing  of the 
m agnetisation  into an  echo a t a tim e 2x after the 90° pulse. The process is 
sh o w n  schem atically  in figure 1.10.
1.2.2.3 THE SOLID ECH O
In the liqu id  state  a sp in  echo can be form ed by sim ply  inverting  the sp in
popu la tion  w ith  a 180° pulse. H ow ever, in solids the d ipo lar coupling  
be tw een  adjacent sp ins causes rap id  dephasing  of the signal. This coherence 
transfer can be refocussed  w ith  an app rop ria te  90° pulse. In con trast to the 
sp in  echo the solid  echo is a transien t response to a coheren t rad io  frequency 
pu lse  sequence and  is a pu re ly  quan tu m  m echanical phenom enon . It w as first 
described  by  Pow les an d  M ansfield (1962) and  a typical pu lse  sequence is 90°x- 
x-(90°y-x-echo-)n. Full explanation  of the solid  echo requires deta iled  q u an tu m  
m echanical trea tm en t (Slichter 1963).
1.2.2.4 M EASUREM ENT OF RELAXATION TIMES
The sp in  lattice relaxation tim e m ay be m easu red  using  an  inversion  recovery
sequence, show n  in figure 1.11. A 180° pulse is ap p lied  causing  the 
m agnetisa tion  to be tip p ed  d o w n  to the negative z  axis, from  w here it w ill
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relax back to the positive z axis exponentially according to
Mz (t) = M0 1-2exp
t ,
V 1
1 . 5 3
w here  t is the tim e from  the initial 180° pulse. Since on ly  the x an d  y 
com ponents generate  a signal, a 90° pu lse is applied  to  b ring  the m agnetisation  
in to  the x-y p lane a tim e tf after the 180° pulse. The signal w ill be p ropo rtiona l 
to  the value of M z(t;). The sequence is repea ted  after a tim e Tr, know n as the 
repe tition  tim e, for various values of t; and  the am p litu d e  of the signal 
recorded . The m agnetisa tion  m u s t relax fully to equ ilib rium  betw een  
repetitions, so Tr is u sua lly  chosen to be g reater th an  5Tr  The value of T, is 
calculated by  fitting  values of Mz(tj) to equation  1.53.
The sp in  sp in  relaxation  ra te  T2 is affected by  the presence of inhom ogeneities 
g iv ing  rise to T2* relaxation  w hich for m any system s is sho rter than  T2. In 
general
for so lids T2 < T2* g iv ing
1 1
T 2 ° b s  T - 1 . 5 5
b u t for liqu ids T2* < T2 an d  so
rn obs 
1 2
1 . 5 6
It follow s than  th a t for solid  m aterials the tim e constan t of the FID is a good
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approximation to the value of T2. For a more accurate determination of T2 in 
solids and to measure T2 in liquid systems, spin echoes must be used. 
Considering the formation of the Hahn echo using a 180° pulse, if a train of 
such pulses is used in a sequence, a corresponding train of echoes will be 
detected. The train of echoes is formed from the continual dephasing and 
rephasing of the magnetisation under the effects of the inhomogeneities which 
are constant. The transverse magnetisation is not constant, however, and will 
be decaying according to T2 during the sequence. If the echo amplitude is 
recorded for each echo, a plot of amplitude against time will yield a value of 
the true spin spin relaxation time T2 according to
f
Mxy = M0 e x p tTT
1 . 5 7
V 2 J
Trains of echoes were first used in this way by Carr and Purcell (1954) with 
further changes in the phasing of pulses introduced by Meiboom and Gill 
(1959). The sequence is now known universally as CPMG (Carr, Purcell, 
Meiboom ,Gill). Alternating phases of the 180° pulses may be implemented 
to remove pulse timing errors. A typical sequence is shown in figure 1.12.
1.2,3 IMAGING
In 1973 Lauterber, and Mansfield and Grannell separately published the first 
papers on NMR imaging within months of each other. We have discussed 
how field inhomogeneities cause differences in precessional frequencies so that 
after a period of time the spins dephase to different positions. This concept 
was inverted by Lauterber and Mansfield and Grannell, who added a known 
inhomogeneity, a magnetic field gradient, to encode the positions of spins 
within a sample on the NMR signal. This signal is then processed to form an 
image of the sample.
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A simple explanation of imaging is given by considering three test samples 
with spin densities in the ratio 1/3 : 2/3 : 3/3 placed in a static magnetic field 
B0/ with an additional field gradient, g, in the direction of B0. The resulting 
field will be
B (x)  = B0 + g x  1 . 5 8
The test samples are placed at positions xl7 x2, and x3. The measured NMR 
signal is given by the local spin density and signal frequency Oygx) is given by 
position, figure 1.13. The measured NMR signal is
M ( t )  = M0 J  p (x )  e x p ( i y g x t ) d x  1 . 5 9
where M0 is the intensity for unit sample density and p(x) is the local spin 
density as a function of x. If this signal is Fourier transformed it is equivalent 
to changing domains between the time t and the frequency Cygx). The 
frequency separations are proportional to the actual spatial separations and so 
the Fourier transform of the signal variation with time gives spatial 
information. This forms the basis of all imaging techniques. Since 1973 
imaging has expanded rapidly and the large differences between liquids and 
solids have become evident. The constraints imposed on the imaging of solids 
come from the dipolar interactions which give the very short T2 values which 
may be of the order of 10 ps or less in the lower limit. For this reason imaging 
of solids has not advanced as quickly as liquids, free from such constraints, 
with T2 values of the order of seconds. Medical imaging is encompassed 
under the heading of 'liquids' as the human body comprises a large amount 
of fluid and soft tissue, and is the area that has advanced most rapidly. A 
brief introduction into the most common imaging methods used in liquids will 
be followed by a more detailed treatment of broadline imaging and the 
sequences used in this thesis.
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1.2.3.1 TWO DIMENSIONAL FOURIER TRANSFORM IMAGING
To fully  appreciate  the relative m erits an d  differences of tw o  d im ensional 
F ourier transform  (2DFT) and  projection reconstruction  (PR) im ag ing  it is 
usefu l to use the k space no ta tion  in troduced  by  M ansfield  (1973). The k 
vector has a m ag n itu d e  expressed  in units of reciprocal space, m"1 an d  k space 
m ay  be traversed  by m oving  either in tim e or in g rad ien t m ag n itu d e
k = (2 k) _1yg t 1 .60
The m ost com m on technique in  liqu ids im aging is slice selective 2DFT. It is 
a th ree  stage experim ent, as show n in figure 1.14, w here
1) selects a slice
2) phase  encodes the slice in one d irection w ith in  the slice
3) frequency encodes the slice in the o rthogonal d irection
In  m ore detail, the sequence involves firstly selecting a slice th rough  the 
sam ple  by  m eans of a sh ap ed  pulse an d  a g rad ien t designed  to excite on ly  a 
certain  b an d  of frequencies. The o rien tation  of the slice is con tro lled  b y  the  
slice selection grad ien t. The conventional use of the th ree  cartesian  
coord inates is now  ado p ted , so the slice select g rad ien t and  the static  m agnetic  
field are bo th  in the z direction.
Follow ing the slice selection p rocedu re  the phase g rad ien t (gy) causes the sp ins 
to  precess a t a d ifferen t rate than  norm al so after a tim e Ty they  have  acqu ired  
a new  phase, w hich  is d ep en d e n t on their position in the y direction. In o rd e r 
to  ob ta in  an im age in  tw o d im ensions the sequence m u st be rep ea ted  w ith  
d ifferen t values of the phase  grad ien t. This m ay be done in  either of tw o  
w ays, w ith  a constan t am p litude  and  variable tim e or a constan t tim e an d  
variab le  am plitude. The la tter is know n  as sp in  w arp  im ag ing  (E delstein  
1980), and  is m ost com m only  used  as it rem oves the p rob lem  of artifacts th a t
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are p resen t w hen  T2 is of the o rder of Ty or w hen  m agnet inhom ogeneities 
cause phase  errors. C onsidering  now  only the sp in  w arp  varian t, as the 
m ag n itu d e  of gy is varied  the phase of the spins p rio r to frequency  encoding  
w ill change. In phase  encoding  k space is traversed  by  changing  the g rad ien t 
m agn itude .
Follow ing the phase  encoding , the frequency encod ing  g rad ien t, gx, know n as 
the read  g rad ien t, causes the sp ins to precess at d ifferen t frequencies. The 
separa tion  in  frequencies is directly  p ropo rtional to the actual spatia l 
separation . The FID is sam p led  w hile the g rad ien t is on  so in frequency 
encod ing  k space is traversed  by m oving  in time. So the app lication  of 
successive phase  encod ing  and  read  grad ien ts gives a tw o d im ensional im age 
of the selected slice for w hich, in one direction the position  is d ep en d e n t on  
the phase of the sp in s and  in the o ther it is d ep en d e n t on the frequency  of the 
spins.
1.2.3.2 PROJECTION RECONSTRUCTION
L au terber 's  orig inal experim ent took the form  of projection reconstruction . In 
th is technique a projection is acquired  for a particu la r value of the g rad ien ts  
gx an d  gy. The values of gx an d  gy are increm ented  and  ano ther projection 
acqu ired  un til 180° degrees have been covered w ith  as m any  projections as 
requ ired . This is p a rticu la rly  sim ple to im plem ent in  practice since it m ay be 
perfo rm ed  w ith  a fixed g rad ien t m agn itude  w hile the sam ple is successfully  
ro ta ted . S tan d ard  back  projection reconstruction  techniques such  as those used  
for x-ray an d  CT scann ing  m ay  then  be used  to form  an im age.
O ne can see h o w  2DFT and  PR differ in  the w ay th a t k space is traversed , 
w ith  figure 1.15 a) show ing  the po lar raster of PR  and  b) show ing  the 
cartesian  traversa l of k space associated w ith  2DFT. PR offers a s ligh t
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sensitiv ity  ad v an tag e  over 2DFT especially for sho rt T2 m aterials as there is the 
p h ase  encod ing  delay  before sam pling  in 2DFT. It is also useful to  v iew  the 
p ro filing  of the im age as the raster is ro tated  and  this can be a usefu l 
ind ication  of prob lem s in  the experim ent. D espite these advan tages, 2DFT 
offers im provem ents  in im age quality  an d  fine details d u e  to the m ore  even  
sam p lin g  of k space.
1.2.3.2 THE GRADIENT ECHO
The g rad ien t echo is analogous to the H ahn  sp in  echo, except th a t it is the 
delibera te  application  of a m agnetic field g rad ien t th a t causes the d ep h asin g  
an d  rephasing  of the sp ins, ra ther than  the  random  inhom ogeneities w h ich  are 
responsib le  for the H ah n  echo. If after a 90° pu lse a positive g rad ien t is 
ap p lied  for a tim e x, fo llow ed by  a negative g rad ien t of the sam e m ag n itu d e  
for an  equal tim e, then  the echo is form ed at a tim e 2x after the pulse. The 
g rad ie n t echo w ill how ever be susceptib le to e rro rs from  static  
inhom ogeneities. The use of a 180° pu lse  in add ition  to the g rad ien ts  w ill 
refocus these erro rs a t the echo centre an d  help to alleviate the problem . It is 
how ever, n o t a to tal cure if frequency encoding is used. The pu lse  sequence 
for a g rad ien t echo is show n in figure 1.16
1.2.3.3 IN TRO DUCTIO N TO THE DIFFICULTIES OF BROADLINE 
IM AG IN G
The d ipo lar in teractions in  so lids in troduce constrain ts d u e  to the b ro ad en in g  
of the  N M R  lines and  co rrespond ing  shorten ing  of the T2 relaxation  times. The 
req u irem en t for im aging  is to record the signal in  the presence of a m agnetic  
fie ld  grad ien t. The g rad ien t m u s t satisfy the follow ing
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G . Ar = AB 1 . 61
w here  Ar is the desired  reso lu tion  and  AB is the linew idth . To obta in  im ages 
w ith  sensible reso lu tion  is sim ple for liquids, b u t for solids the large g rad ien t 
s tren g th  req u ired  d u e  to the increased linew id th  leads to problem s.
T here are th ree  m ain  problem s associated w ith  a very  sho rt transverse 
relaxation  time. F irstly , m ost of the signal is w ith in  the receiver dead tim e and  
is useless. D ue to the poo r signal to noise ratio m uch signal averag ing  m u st 
be perfo rm ed  to ob ta in  adequa te  im age quality, and  experim en t tim es are 
fu rther increased  by the long  T, relaxation tim es of solids w hich necessitate 
long  repetition  tim es. For tw o d im ensional im aging  especially, the 
experim ental tim escales n eeded  for good  im age quality  m ay be unacceptably  
long. The field g rad ien t m u st be allow ed to stabilise before sam pling  and  the 
tim e for this m ay be longer than T2\  so the g rad ien t m u s t be sw itched  on 
before the rf pulse. This m eans tha t the pulse m u st be very  short in o rd e r to 
have the b an d w id th  needed  to cover the frequency range im posed  by  the 
g rad ien t, g iv ing  the need  for large rf pow er.
There are, therefore, technical difficulties involved  in overcom ing the 
b roaden ing  found  in  solids and m any  successful im aging m ethods have 
instead  effectively rem oved  it. The d ipo lar H am iltonian  consists of a sp in  and 
a space p a rt and  if either of these is p u t to zero, the b roaden ing  effects are 
rem oved . There are basically three techniques then  w hich  m ay be used  to 
im age solids,
1) The so called 'b ru te  force' m ethods w hich  sim ply  use a g rad ien t 
s tren g th  la rge  enough  to overcom e the b roadening .
2) Spin m an ip u la tio n  m ethods w hereby  the tim e average of the sp in  p a rt 
is m ade equal to zero  w ith  the use of m ultip le  pu lse  sequences, g iv ing 
effective line narrow ing .
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3) Special system s such  as the use of h igh  reso lu tion  13C NM R, an d  the 
effective tim e averag ing  to zero  of the spatia l p a r t by  sp in n in g  the 
sam ple.
In c luded  in  the first category is the g rad ien t echo im aging  m ethod , C ottrell 
(1990) w hich  uses large oscillatory d riven  g rad ien ts, an d  the S tray Field 
Im aging  techn ique (STRAFI), Sam oilenko e t al (1988), Sam oilenko an d  Zick 
(1990), bo th  of w hich  w ill be considered  in m ore detail p resen tly . M ultip le 
pu lse  sequences, M cD onald  and  T okarczuk (1990), M cD onald  and  L onergan  
(1992) have been  u sed  very  successfully  in ob ta in ing  im ages of sh o rt T2 
m ateria ls, as has the m agic angle sp in n in g  m ethod, Cory e t al (1988), in w hich  
the  w hole sam ple  is ro ta ted  at an angle such tha t the spatia l p a rt is tim e 
averaged  to zero , and  the sim ilar m agic angle ro ta ting  fram e m ethod , De Luca 
e t al (1986). O ther techniques to im age solids include the use of so lid  echoes, 
M cD onald  e t al (1987) and  N M R  m icroscopy, such  as chem ical shift selective 
m icro im aging , C h u d ek  and  H u n te r (1992).
1,2.3.4 THE BROADLINE GRADIENT ECH O  IM AGING TECH N IQ U E
This technique w as firs t developed  by C ottrell e t al (1990) and  successfully  
uses the large g rad ien t approach  to solids im aging, e lim inating  tw o  of the 
prob lem s associated  w ith  sho rt T2 relaxation tim es d iscussed  in the p rev ious 
section. As p a r t of the w ork  in this thesis, this technique has been  fu rther 
developed  to give a new  sequence w hich overcom es the th ird  prob lem  as well. 
The new  sequence is d iscussed  fully in chapter 3.
The g rad ien t echo im aging  technique uses a field g rad ien t of sufficient 
s tren g th  to overcom e the  hom ogeneous b roaden ing , and  is d riven  s inuso idally  
according  to
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w here  G0 is the  peak  am plitude  and  2x is the period  of the oscillation. The 
sequence is show n in  figure 1.17. The 90° pulse is synchron ised  to the zero  
crossing  of the g rad ien t, thereby  rem oving  the need  for large rf pow er. A fter 
one perio d  of oscillation a g rad ien t echo is form ed, and  as they continue to 
oscillate an echo is fo rm ed  after every  com plete cycle. An im age m ay be m ade 
u p  of one, o r a nu m b er of the subsequen t echoes, w hose am p litudes decay 
w ith  T2. The reso lu tion  is now  given by
(G (t)> . Ar = Ab 1-63
w h ere  <G(t)> is the average value of the s inuso idal g rad ien t over half a 
period . Choice of the ap p ro p ria te  value of the period  w ill ensu re  tha t the first 
echo is no t w ith in  the receiver d ead  time, subseq u en t echoes are w ell 
sep ara ted  an d  th a t enough  signal rem ains to form  the echo train . It w as found  
th a t the echo tim e, 2% ~ T2 w as the op tim um  value. The varia tion  of the field 
g rad ie n t d u rin g  the da ta  collection from  the echo is accounted  for by  u sing  a 
n o n  linear sam pling  m ethod , such as tha t of O rd idge and  M ansfield  (1985).
A lthough  the g rad ien t echo m ethod  as im plem en ted  by C ottrell et al w orks
w ell, som e e rro r m ay  be in troduced  by m agnet inhom ogeneities. The effects
o f these are n o t refocussed w hen u sing  g rad ien ts to form  an  echo. H ow ever, 
if a 180° pu lse  is ad d ed  to the sequence after one g rad ien t cycle then  the 
resu ltin g  echo after tw o cycles is significantly  im proved  d u e  to the refocussing 
o f the  erro rs a t the echo centre. The only  d raw back  to the refocussed  g rad ien t 
echo is tha t it is now  form ed  at 4x instead  of 2x, so raising  the low er lim it of 
T2 relaxation  tim es observable w ith  this technique.
G = G0 1-62
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1.2.3.5 THE STRAY FIELD IMAGING TECHNIQUE
Stray field  im aging  is a relatively  new  technique w hich  w as first developed  by  
Sam oilenko et al (1988) and  Sam oilenko and  Zick (1990). It overcom es the 
line b ro ad en in g  p roblem s associated w ith  solids by taking the large g rad ien t 
app ro ach  to the extrem e, and  has the add itional advan tage of h igh  spatial 
reso lu tion .
F rom  1.63 it follow s th a t the reso lu tion  of an im aging  experim ent is g iven  by
= 1 . 6 4yG
w here  G is the ap p lied  g rad ien t, Avs is the linew id th  of the sam ple w hen  G=0 
a n d  y  is the m agnetogyric  ratio. The STRAFI technique uses the linear reg ion  
o f the s tray  field g rad ien t, n a tu ra lly  available ou tside  the hom ogeneous reg ion  
o f the field  of superco n d u c tin g  m agnets. N um erical calculations on the field 
profile reveal th a t for certain  m agnets there is a p lan ar surface w ith  constan t 
g rad ien t near the edge of the bore. A m agnet w ith  a central field of 9.4 T m ay 
p ro d u ce  a g rad ien t of the o rder of 50 T /m . W ith such large values it is no t 
possib le to excite all the sp ins in a sam ple w ith  one rf pulse, g iv ing rise to slice 
selective excitation. The reso lu tion  using  pu lsed  selective excitation is 
described  by  m odify ing  equation  1.64, giving
Av -  2 l t ( A v s + AV  1 . 6 5
yg
w here  Avp is the b an d w id th  of the pulse. Since the g rad ien t is neither 
dynam ic no r controllable, in  o rder to obta in  a com plete projection across a 
sam ple  it  m u st be m oved  stepw ise along the bore, w ith  the signal in tensity  
being  reco rded  from  each slice as it passes th rough  the sensitive position. N o 
F ourier transfo rm ation  of the signal is requ ired  an d  thus the m ethod  is m ore
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analogous to con tinuous w ave N M R  techniques.
In practice, the signal in tensity  of a solid  echo is recorded . Indeed , u sually  the 
in tensity  of each echo in an  echo train  is recorded , the tra in  being  g enera ted  
b y  the rf pu lse  sequence
9 0 ° x—x — ( 9 0 ° y- x - e c h o - X - )  n 1 . 6 6
w here % is a sho rt tim e interval. This particu lar sequence is u sed  for tw o 
reasons. Firstly, it uses pulses all of the sam e length , so th a t the w id th  of the 
selected slice is constan t for all pulses. Secondly, the so lid  echo partia lly  
refocusses the d ipo lar b roaden ing  and  the sequence as a w hole p reserves 
m agnetisa tion  from  sho rt T2 com ponents in  the sh o rt x lim it. In this lim it, the 
experim en t approx im ates to sp in  locking an d  the echo in tensities, after the first- 
few  echoes d u rin g  w hich  a p seu d o  equilibrium  is estab lished , decay aw ay 
according to Tlp. Since the sam ple is m oving  th ro u g h  the g rad ie n t d u rin g  the 
m easu rem en ts  the pu lses experienced  by the nuclei only app rox im ate  to true 
90° ro tations. The reco rded  signal in tensity  is thus a com plex function  of T2 
an d  Tlp, and  o ther experim ental param eters , such  as the g rad ie n t streng th , the 
pu lse  length , x and  the sam ple velocity. The com plete functional dependence  
of the echo in tensity  on  these param eters, as well as on the d ipo lar in teraction  
streng ths in the sam ple has n o t yet been  fully evaluated . G enerally , how ever, 
on ly  long T2 and  Tlp com ponents are observed  at longer echo tim es. This gives 
the  po ten tial for substan tia l relaxation tim e con trast in profiles constructed  
from  differen t echoes.
In add ition  to the obv ious benefits for the im aging of solids, STRAFI m ay be 
u sed  in  the im aging  of sam ples affected by susceptib ility  d isto rtions, such  as 
liqu ids in solids, K inchesh et al (1992). A no ther exam ple of the 
im p lem en ta tion  of STRAFI is the im aging  of teeth, B aum ann  et al (1993).
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1.3 IO N  BEAM NUCLEAR REACTION ANALYSIS.
1.3.1 INTRODUCTION.
This experim ental technique w as developed  to s tu d y  polym er d iffusion  in 
po lym er m elts, Payne e t al (1989). It uses the nuclear reaction betw een  a 3H e 
beam  ion b o m b ard in g  a sam ple no rm al to it's  surface and  a d eu te riu m  nucleus 
w ith in  the sam ple. D etection of e ither of the energetic  backscattered  reac tion  
p ro d u c ts , p ro to n s  an d  alpha particles leads to a one d im ensional profile of 
d eu te riu m  concen tration  w ith  dep th . It is possible to s tu d y  the concen tration  
profile  of a p en e tran t in  a surface layer of up  to approx im ate ly  8 pm  in d ep th  
w ith  a reso lu tion  of 400 nm . The d ep th  scale is de te rm in ed  from  the  energy  
spectrum  of the detected  p roduct. The technique has been ex tended  to the 
s tu d y  of sm all m olecule d iffusion in to  polym ers by  the use of d eu te ra ted  
penetran ts . A lternatively , the beam  sp o t m ay be focused dow n  to 50 pm  in 
d iam eter an d  then  scanned  across a cross section of a sam ple (typically 20 m m  
w ide). The concen tration  profile is d e term ined  from  the relative y ie ld  of 
backsca ttered  a lpha particles a t each point. The lim iting  spatia l reso lu tion  of 
the technique d ep en d s on  the beam  sp o t size.
1.3.2 THE d(3H e,p)4H e N UCLEA R REACTION.
The follow ing reaction  p rov ides the basis for this technique
3He + d  —> p  + a  1 . 6 7
It w as first iden tified  in  1953 by Y arnell w ho b o m b ard ed  gaseous 3H e w ith  
energetic  deu terons. It has a s trong  resonance of 0.9 ±  0.1 barns, the  cross
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FIGURE 1.18 REACTION CROSS SECTION FOR THE d(3 He.p)4He REACTION
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FIGURE 1.19 SCHEMATIC OF THE DLHe.pTHe REACTION SHOWING THE 
FORMATION OF A 5Li COMPOUND NUCLEUS
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section m axim um  being  a t a d eu te riu m  energy  of 430 ± 30 kev, figure 1.18 
(rep roduced  from  Y arnell 1953). The reaction p roceeds w ith  the fo rm ation  of 
a 5Li com pound  nucleus and  is extrem ely  exotherm ic in natu re , figure 1.19. 
The Q value of the reaction  is 18.352 MeV, w ith  the re su lt tha t bo th  em itted  
particles have energies g reater than the inciden t particles. The reaction  m ay 
be used  in reverse by  bom bard ing  a ta rge t w ith  3H e ions to s tu d y  d eu te riu m  
concentrations in various m aterials, M oeller (1978), Boergesen e t al (1978).
1.3.3 ADVANTAGES OF USING THE d(3H e,P)4H e REACTION TO 
MEASURE DIFFUSION PROFILES.
The use of charged  particle induced  nuclear reactions offers certain  advan tages 
over o ther m ethods as a m eans of m easu ring  d iffusion  profiles. d(3H e,p)4ITe 
is a h igh  Q reaction w hich m ay be in itia ted  by a low  energy  beam  of he lium  
ions, available at m any  accelerator laboratories. The reaction  has a h igh  cross 
section an d  hence low  beam  curren ts (a few  nanoam peres) can be used  w hich  
do  n o t overheat the sam ple appreciably . The reaction  yields h ighly  energetic  
p ro tons and  alphas w hich can escape from  relatively  large dep th s w ith in  the 
sam ple and  m ay be detected  at backw ard  angles. H ence a t a 2 MeV 
accelerator dep th s of u p  to 8 pm  can be p robed  in polym ers if the p ro tons  are 
detected. It allow s the use of a ligh t e lem ent (deu terium ) as a labelling  
e lem ent for a p en e tran t in  heavy  elem ent substrates. The resu lts  of a 
m easu rem en t using  this technique do no t d ep en d  on chem ical sta te  of the 
nuclei as the reaction yield is de term ined  only  by  the nuclear cross section.
There are tw o w ays of app ly ing  nuclear reactions to m easure  a profile 
d ep en d in g  on the w id th  of the resonance. If the resonance is narrow  th en  the 
inc iden t beam  energy  m u st be increm ented  an d  a total y ield  m easu rem en t 
m ad e  a t each increm ent, w hich  co rresponds to a value of d ep th  w ith in  the 
sam ple. The resonance of the d(3H e,p)4H e reaction  is w ide, as seen in figure
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1.20 an d  for this case a m easurem en t at a single value of inc iden t beam  energy  
is all tha t is requ ired  to  give a dep th  profile. If a sam ple  contain ing  d eu te riu m  
is b o m b ard ed  by a beam  of helium  ions the p ro to n s and  alpha partic les 
em itted  w ill have a range of energies. The energy of the reaction p ro d u c t 
varies w ith  the d ep th  at w hich  the reaction occurred. If the experim ental 
geom etry  is taken  in to  account a m easurem en t of the energy  of an em itted  
partic le  leads to a de term ina tion  of the dep th  at w h ich  the reaction  occurred .
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Therefore the use of the d(3H e,p)4H e reaction p rov ides a very  quick and  
efficient m e th o d  of determ in ing  concentration d e p th  profiles for use  in 
d iffusion  stud ies. The sam ples are not overheated  or destroyed  an d  m ay  be 
re ta in ed  for fu tu re  analysis using  this or a com plem entary  technique. The 
techn ique m ay  be u sed  to s tu d y  the initial stages of a d iffusion  p rocess in  
detail. In  ad d itio n  the shape of the profile after som e considerable tim e m ay 
be  s tu d ied  b y  using  the scann ing  m icrobeam  m eth o d  w ith  a large sam ple.
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1.3.4 EXPERIMENTAL GEOMETRY.
The detection  of p ro tons a t backw ard  angles is th o u g h t to  give im proved  
resu lts  com pared  to the detection of a lpha particles at fo rw ard  angles. The 
a rg u m en t p u t fo rw ard  for this is w ell p resen ted  by  M urphy  (1990), how ever 
a su m m ary  of the considerations involved  is now  given.
The energies of the em itted  p ro tons an d  alpha particles are 14.661 MeV and  
3.691 M eV respectively , using  a value of 18.352 for Q, D ieum egard  (1979). 
P ro tons are therefore far m ore penetra ting  than a lpha  particles and  will have 
a g reater range in  m atter m aking  them  far m ore su itab le for a backscattering  
arrangem ent. W hen detecting  pro tons, their k inetic energy  values are h igh  
eno u g h  to ensu re  th a t they  lose v irtually  no energy  in traversing  the few  
m icrons of sam ple  to the surface. Their final energy  at the p o in t of detection 
is therefore only  a function  of the  beam  energy  at the  po in t of reaction and  the 
angle of detection  w ith  respect to the beam  direction. It is the energy  loss 
characteristics of the beam  ion w hich yield m ost of the d ep th  inform ation.
A s tu d y  of the reaction cross sections show s very  little difference in tha t 
m easu red  at an angle of 86° and  a backw ard  angle of 165°. The difference 
w o u ld  have to  be significantly  larger to favour a fo rw ard  scattering  ra ther than  
a backscattering  arrangem ent, so on the basis of cross section neither geom etry  
is particu la rly  p referred .
A fu rther considera tion  to experim ental geom etry  is the angu lar dependence  
of the em itted  partic le 's  energy. Figure 1.21 gives an indication of the values 
of d E /d 0  for p ro to n s  detected  a t a range of angles. From  this it can be seen  
th a t a t backscatter angles there is m uch  sm aller varia tion  of energy  w ith  angle 
lead ing  to  a red u ced  energy  sp read  at the detector, for the sam e detecto r 
collim ator slit w id th .
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A nother considera tion  is that of noise due  to counts p ro d u ced  by  reactions 
o th e r th an  d(3H e,p)4H e. The interactions betw een  3H e and  o ther ligh t elem ents 
w h ich  m ay be p resen t w ith in  a sam ple m ay give rise to alphas of a sim ilar 
energ y  to those from  the deu terium  reaction and  therefore be detected. 
H ow ever the p ro tons arising from  other reactions do no t have com parable 
energ ies to those from  the d eu terium  reaction, thus ensu ring  tha t p ro to n  
detection  is free from  spu rious counts.
If a fo rw ard  scatter arrangem en t is ad o p ted  the sam ples are confined to either 
be ing  very  th in  or inclined at a sm all angle to the beam  to ensure th a t the 
reac tion  p ro d u c ts  reach the detector. In the first case sam ples are very  fragile 
a n d  in the second only  dep ths < 1 pm  can be p robed . If the backscatter 
a rran g em en t is u sed  there are no restric tions on the sam ple thickness or 
o rien ta tion  to  the beam , facilitating ease of p repara tion  and  the possib ility  of 
re -u sing  the sam ple for fu rther analysis or testing.
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1.3.4! DETECTION OF REACTION PRODUCTS.
A typical detecto r for this type of experim en t is a silicon surface barrie r 
detector. It is m ade of a p -type and n-type b ilayer of silicon. A reverse bias 
across this causes a dep letion  region a ro u n d  the junction. All the bias voltage 
is d ro p p ed  across the dep letion  region leading  to very high  localised fields. 
T he effect of these is to separate  charge carriers quickly and  p rev en t 
recom bination  and  su b seq u en t loss of signal as m uch  as possible.
T he dep le tion  region form s the sensitive volum e of the detecto r into w hich an 
incom ing particle sho u ld  d eposit all it's  energy. To facilitate this the reverse 
b ias is m ade large w hich  m axim ises the  sensitive volum e. O n en tering  the 
de tecto r the reaction p ro d u c ts  are ionised, fo rm ing  ion-hole pairs, w hich, 
u n d e r  the influence of the large localised fields, are sw ep t rap id ly  to their 
respective ends of the bilayer. The signal from  the detector is therefore a 
voltage pu lse  w hose am p litu d e  dep en d s on the n u m b er of carriers created  by 
th e  passage of the reaction products.
FIGURE 1.22 TYPICAL DEPTH REQUIRED FOR THE SILICON SURFACE
BARRIER DETECTOR USED IN THIS EXPERIMENT
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In o rd er to m easure  the reaction  p ro d u c ts  full energy  it m u st be s to p p ed  
com pletely  w ith in  the dep le tion  region. In the case of the d(3H e,p)4H e reaction  
the  p ro tons and  a lpha particles have a large range of energies, and  w hereas 
a dep le tion  reg ion  of 100 pm  w ou ld  be sufficient to stop  the a lpha particles, 
it w o u ld  only  slow  the p ro tons. Therefore for p ro ton  detection, such  as w e are 
dea lin g  w ith , a dep le tion  reg ion  of typically 1500 pm  is requ ired , figure 1.22.
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CHAPTER 2
OVERVIEW OF POLYMER SYSTEMS AND 
DIFFUSION PROCESSES IN POLYMERS
2 !  INTRODUCTION
Polym ers are one of th e  m ost versatile  an d  w idely  u sed  g ro u p  of m aterials in 
the  late tw en tie th  century . A lthough  the concept of polym ers em erged  in  the 
1920's it w as n o t un til the 1950's tha t the influence of po lym ers sp read  rap id ly  
across all areas of m o d e rn  science.
The realisation  of their huge  po ten tial as engineering m aterials has estab lished  
a new  sector of the chem ical in d u stry  devo ted  to the p rod u c tio n  and  
app lication  of syn thetic  po lym eric m aterials such as p lastics, rubbers, coatings 
an d  adhesives. F undam en ta l to the p ro d u c tio n  of a new  po lym er for a specific 
app lication  m u st lie a know ledge of how  the m icroscopic s truc tu re  affects its 
m acroscopic p roperties. If po lym ers are to be successfully  u sed  as eng ineering  
m ateria ls  or in  any  nu m b er of o ther applications, the ir in teraction  w ith  o ther 
m ateria ls  as w ell m u s t be fully  understood . A good exam ple of the su rp rises  
th a t m ay  resu lt from  inadequate  u n d ers tan d in g  is th a t of polyethylene an d  its 
chem ical inertness. Polyethylene is unaffected by  p ro longed  exposure to 
stro n g  acids w hich  attack  m etals and  h igh ly  caustic alkalis w hich  dam age glass 
an d  m o st organ ic  substances. Yet the pu re  polym er w eathers rap id ly  w h en  
exposed  ou tdoo rs to the  a tm osphere, b u rns easily an d  is affected by  com m on 
detergen ts. This exam ple p roves tha t the chem ical p roperties  of po lym ers an d  
the ir in teraction  w ith  o ther m aterials is by no m eans obvious an d  gives 
credence to the  w ealth  of s tu d y  into polym eric system s.
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O ne im p o rtan t area of s tu d y  is d iffusion  processes in polym ers, an d  in 
p articu la r so lven t d iffusion  in to  polym ers. The action of so lvents s tands ap a rt 
from  o the r m ateria ls as it does n o t p roduce p e rm an en t chem ical change in the 
po lym er (H all 1989). It does how ever p roduce p ro fo u n d  physical changes 
w h ich  occur as a resu lt of the in teraction betw een  chem ical p roperties  of bo th  
th e  so lven t and  polym er.
This chap ter w ill d iscuss polym ers and  solvents, the theory  of the d iffusion  
process found  in po lym ers and  will rev iew  the experim ental m ethods u sed  to 
da te  to s tu d y  them . The applicability  of the experim ental techniques described  
in  the p rev ious chap ter to the s tu d y  of polym ers an d  their d iffusion  processes 
w ill be highlighted .
2.2 POLYM ERS
Polym ers are bo th  natu ra lly  occurring and  synthesised. T hey are long  chain 
like m olecules form ed by chem ically link ing  sm all m olecules know n  as 
m onom ers in  a process know n as polym erisation. Synthetic po lym ers can be 
su b d iv id ed  in to  therm oplastics and  therm osets. T herm oplastics are m ateria ls 
w hich  m e lt o n  h ea ting  an d  can be re-cast. They m ay be p rocessed  by a variety  
of m ou ld ing  and  ex trusion  techniques. Therm osets cannot be m elted  and  
rem elted , b u t set irreversibly. This d istinction  m eans th a t p roduction , 
processing  an d  fabrication techniques for these tw o types of po lym er differ. 
In ad d itio n  to the syn thetic  polym ers the natu ra lly  occurring  po lym ers of 
im portance are rubbers, resins, oils and  b iopolym ers, such  as found  in  the 
h u m a n  b o d y  an d  w ood.
H ydrocarbons, com posed  of on ly  carbon and  h yd rogen  are u sually  the m ost 
sim ple  in  structu re . A tom s of o ther elem ents m ay be inco rpo ra ted  into
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polymer structures by substitution of the hydrogen atoms. Common elements 
are chlorine, as in Polyvinylchloride (PVC), fluorine, oxygen, as well as groups 
such as CN and more complicated substituents composed of groupings of H, 
C and O as in Polymethylmethacrylate (PMMA).
2.2.1 MOLECULAR STRUCTURE
Polymers may be classified according to their general molecular structure. The 
chains may be linear or branched, the complexity increasing with chain length. 
In addition to linear chains two and three dimensional networks of chemical 
bonds are possible. The two main types of network materials are those 
formed via the linking of linear chains by small molecules and those formed 
by the direct reaction of small molecules which gives rise to chain branching. 
The former are more commonly known as crosslinked polymers. Further 
types of polymer structure arise when two types of monomer unit are mixed 
in single chain and these are known as copolymers. The three basic structures 
are alternating , random and block copolymers.
2.2.2 MORPHOLOGY
Polymers may be further classified according to morphology. This defines 
how the chains are arranged to form the bulk material. It may be a regular, 
ordered crystalline structure, a random amorphous structure, or a more 
complex combination of both. During solidification of a molten polymer as the 
temperature falls below the melting point the polymer molecules try to form 
the ordered crystalline state from the molecular disorder of the liquid. 
Crystalline regions grow round nucleating centres with the gradual addition 
of further molecules, the rate being determined by the ease of movement of 
the molecules in the liquid. This mobility is controlled by the viscosity and a
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h ig h  viscosity  at the m elting po in t indicates a reluctance to crystallise. If a 
liqu id  is cooled quick ly  below  the m elting  po in t the viscosity can rise h igh  
en o u g h  to p rev en t crystallisation. The resu lting  substances a t even  low er 
tem p era tu res  have the p roperties of so lids b u t w ith o u t the crystallinity . They 
are am orphous an d  have the characteristics of glasses.
G lassy polym ers do  no t show  a sh a rp  phase transition  like crystalline 
po lym ers, ra ther they exhibit a g radual change from  one recognisable sta te  
(liquid) to ano ther (solid). The transitions of po lym ers m ay  be convenien tly  
m on ito red  by  the tem p era tu re  d ep en d e n t changes th a t occur in  physical 
p roperties  such  as density , as show n in figure 2.1 (rep roduced  from  H all 1989). 
The low er lim it of the  transition  range for a glassy po lym er is m arked  by  a 
change in the coefficient of expansion  and  defines a characteristic  glass 
transition  tem p era tu re  Tg. This is seen  on  figure 2.1 as a change in  the 
g rad ien t d p /d T , b u t no t a d iscon tinu ity , as for crystalline po lym ers a t the 
m elting  poin t. A bove the glass transition  tem p era tu re  the am orphous 
po lym ers exhibit rubbery  behav iour, w hile  below  it they are glassy. For this 
reason  it is com m only called the glass rubber transition.
To d ifferentiate betw een  a crystalline or am orphous m icrostruc tu re  x-ray 
d iffraction m ay  be used . This technique is also able to  iden tify  the presence, 
an d  am o u n t of b o th  types of m icrostructure in a polym er. C rystalline 
s truc tu res are characterised  by sharp  x-ray diffraction peaks w h ils t am orphous 
struc tu res  exhibit b road  featureless peaks indicating  the lack of long  range 
atom ic regularity . The degree of crystallin ity  in a sem icrystalline po lym er can 
th u s  be determ ined .
2.2.3 M OLECULAR M OTION
The dynam ics of po lym er chains d ep en d  on tem peratu re. C lose to  absolu te
5 0
FIGURE 2.1
FIGURE 2.2
DENSITY VARIATION WITH TEMPERATURE SHOWING THE 
MELTING TEMPERATURE AND GLASS TRANSITION 
TEMPERATURE
VARIATION OF PROPERTIES OF TYPE P AND O WITH 
TEMPERATURE SHOWING TRANSITION ZONES AND 
TRANSITION MAXIMA
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zero  there is very  little m otion  of any  kind. H ow ever as the tem p era tu re  rises 
the  therm al energy  is d is trib u ted  am ongst all the various m odes of m otion. 
These w ill requ ire  d ifferen t am ounts of energy  to activate th em  giving each  a 
th resho ld  tem p era tu re  before the m otion  can occur. These tem p era tu res  can 
be detected  as transitions in a w ide variety  of physical p roperties. In 
am orp h o u s po lym ers there is one d o m in an t transition, the g lass transition , an d  
th e  m easu rem en t of Tg from  changes in  the density  has ju st been  d iscussed. 
In  crystalline polym ers there exist m ore transitions a lth o u g h  the m ost 
p ro m in en t one is associated  w ith  m elting. P roperties of type P in figure 2.2, 
(rep roduced  from  H all 1989) such  as refractive index, h ea t capacity  or electrical 
perm ittiv ity  show  one o r m ore transition  zones, a , (3, y ... w hich  rough ly  define 
transition  tem pera tu res To, Tp, Tr .. , w hereas p roperties  of ty p e  Q in figure 2.2 
such  as m echanical an d  dielectric loss show  one or m ore m axim a w hich  
co rrespond  to the sam e transitions.
The details of the glass transition  are still unclear a lthough  the  free vo lum e 
theo ry  p rov ides a good  explanation. There is a d iscon tinu ity  in  the 
expansiv ity  a t Tg w hich  indicates a change in  the availability  of space betw een  
m olecules. Such space, know n as free volum e, m u st be p resen t for large scale 
m otions of po lym er chains to occur. A bove Tg these m otions take the form  of 
m ovem ents of the backbone of neighbouring  chains, each segm en t possib ly  10- 
20 m onom er units. It is these m otions w hich perm it the large deform ations 
characteristic  of the rubbery  or viscoelastic state. If the p o lym er is cooled to 
Tg the free vo lum e d im inishes to a critical value below  w hich such  segm ental 
m otion  is im possible o r very  slow . Below Tg therefore m odes of m otion  are 
lim ited  to crankshaft ro tations of m ain  chains and  ro tations of side g roups.
2.2.4 DIFFERENTIAL SCA N N ING  CALORIMETRY
D ifferential Scanning C alorim etry  (DSC) is an  experim ental m e th o d  for the
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m easu rem en t of Tg. A  DSC cell relies on hav ing  a sam ple  a n d  reference pan  
w h ich  are heated  in d ep en d en tly . Sam ple and  reference p an s  are h ea ted  at a 
specific rate w ith  the  tem p era tu res  of each being  k ep t equal. If d u rin g  the 
h ea tin g  the sam ple u n d erg o es an  endotherm ic  transition , such  as the  glass 
transition , in o rd er to keep  bo th  pans at the sam e tem p era tu re , m ore h ea t w ill 
h av e  to  be app lied  to the  sam ple  pan  in o rder to keep  the te m p era tu res  equal.
A  p lo t of heat flow  ag a in st tem pera tu re  is called a DSC th e rm o g ram  w hich 
w ill show  an en d o th erm ic  peak  if the sam ple has passed  th ro u g h  a transition . 
W hen  used  to m easu re  Tg there is an ab ru p t change in the DSC therm ogram  
o f the hea t capacity a t Tg, as show n  schem atically in  figure 2.3.
H ea t capacity
FIG U R E 2.3 S C H E M A T IC  O F A DSC TH ER M O G R A M  O F H EA T CAPACITY
A R O U N D  TH E CLASS T R A N SIT IO N  TEM PERATURE
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T h e  s c a n n in g  r a te  is  q u o te d  w i th  th e  m e a s u r e d  v a lu e  o f  T g. A  ty p ic a l  v a lu e  
is  t e n  d e g r e e s  p e r  m in u te .  T h e  e f fe c t  o f  d i lu te n t s ,  s u c h  a s  s o lv e n t s ,  is  to  
d e p r e s s  th e  v a lu e  o f  T g b y  in c r e a s in g  th e  f re e  v o lu m e .  T h is  m e t h o d  w a s  u s e d  
to  m e a s u r e  th e  T g o f  th e  P V C  u s e d  in  th e  e x p e r im e n ts  c o v e r e d  in  th i s  th e s is ,  
a n d  to  d e t e r m in e  th e  e f fe c t o f  v a r io u s  c o n c e n t r a t io n s  o f  a c e to n e  in  th e  P V C  o n  
th e  v a lu e  o f  T  . T h e  r e s u l t s  a r e  d i s c u s s e d  in  c h a p te r  4.
2 .2 .5  M E C H A N I C A L  A N D  T H E R M A L  P R O P E R T IE S
A m o r p h o u s  p o ly m e r s  e x h ib i t  th e  b e h a v io u r  o f  b o t h  th e  g la s s y  a n d  r u b b e r y  
s t a t e ,  b u t  b e tw e e n  th e  r e g io n s  is th e  z o n e  a s s o c ia te d  w i th  t h e  g la s s  t r a n s i t io n .  
I n  th i s  t r a n s i t i o n  z o n e  th e  m e c h a n ic a l  b e h a v io u r  s h o w s  f e a tu r e s  o f  b o t h  e la s t ic  
s o l id  a n d  v is c o u s  l iq u id .  T h is  g iv e s  r is e  to  th e  c o n s id e r a t io n  a n d  c la s s i f ic a t io n  
o f  p o ly m e r  s o l id s  a s  v is c o e la s t ic  b o d ie s .  T h e  c o n c e p t  o f  p o ly m e r  v i s c o e la s t ic i ty  
h a s  b e e n  s h o w n  to  b e  o f  im p o r ta n c e  w h e n  c o n s id e r in g  r e la x a t io n  c o n t r o l l e d  
d i f f u s io n  b e h a v i o u r  c o m m o n ly  f o u n d  in  g la s s y  p o ly m e r s ,  s u c h  a s  C a s e  II 
d i f f u s io n .
2 !  D I F F U S I O N  P R O C E S S E S
2 .3 .1  IN T R O D U C T IO N
A  g r e a t  m a jo r i ty  o f  p r o b le m s  e n c o u n te r e d  in  d i f f u s io n  s tu d i e s  m a y  b e  
a d e q u a t e l y  m o d e l l e d  u s in g  F ic k 's  la w s . H o w e v e r  d i f f u s io n  d y n a m ic s  a r e  
f r e q u e n t ly  c o m p o s i te  in  c h a r a c te r  a s  is  t r u e  o f th e  p a r t i c u l a r  a r e a  o f  i n t e r e s t  in  
th i s  s t u d y ,  t h a t  is  d i f f u s io n  in  a n d  t h r o u g h  s o lid s .
T h e  m ajo rity  o f th is  thesis  is co n cern ed  w ith  the p e n e tra tio n  of th e  so lv e n t
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a c e to n e  in to  th e  g la s s y  p o ly m e r  P V C , w h ic h  e x h ib i ts  C a s e  II  d i f f u s io n .  T w o  
o f  th e  c h a r a c te r i s t ic s  o f  C a s e  II d i f f u s io n  a r e  a n  i n d u c t i o n  p e r i o d  a n d  f r o n t  
p r e c u r s o r  t h a t  a re  F ic k ia n  in  n a tu r e .  T h e r e f o r e  a b r i e f  s u m m a r y  o f  F ic k 's  l a w s  
a n d  th e  a p p r o p r i a t e  s o lu t io n s  to  th e  d i f f u s io n  e q u a t i o n  w i l l  b e  c o n s id e r e d ,  
f o l lo w e d  b y  a  m o r e  d e t a i l e d  s t u d y  o f  C a s e  II  d i f f u s io n .
2 .3 .2  F IC K IA N  D IF F U S IO N
T w o  f a m i l ia r  d i f f e r e n t ia l  f o r m s  o f  F ic k 's  l a w s  o f  d i f f u s io n  f o r  m o v e m e n t  i n  th e  
x  d i r e c t io n  a n d  a  c o n s t a n t  d i f f u s io n  c o e f f ic ie n t  a re
P =  - D  2 . 1dx
a n d
dC
"dt = D
d 2C 2 . 2
T h e  f i r s t  g iv e s  th e  r a t e  o f  p e r m e a t io n ,  in  th e  s t e a d y  s t a t e  o f  f lo w  t h r o u g h  u n i t  
a r e a  o f  a n y  m e d iu m ,  in  t e r m s  o f  th e  c o n c e n t r a t io n  g r a d i e n t  a c r o s s  i t ,  a n d  a  
c o n s t a n t  c a l le d  th e  d i f f u s io n  c o e f f ic ie n t  (B a r re r  1951).
T h e  s e c o n d  r e f e r s  to  t h e  a c c u m u la t io n  o f  m a t t e r  a t  a  g iv e n  p o i n t  in  a  m e d i u m  
a s  a  f u n c t io n  o f  t im e ,  a n d  s o  r e f e r s  to  a  n o n  s t a t i o n a r y  s t a te  o f  f lo w  a n d  is  a  
s t a t e m e n t  o f  F ic k 's  s e c o n d  l a w  o f  d i f f u s io n .  T h e  s e c o n d  e q u a t io n  is  e a s i ly  
d e r i v e d  f r o m  th e  f i r s t  b y  c o n s id e r in g  d i f f u s io n  in  th e  + x  d i r e c t i o n  o f  a  c y l in d e r  
o f  u n i t  c ro s s  s e c t io n .  A s s u m in g  a n  e l e m e n t  o f  v o lu m e  d x  b o u n d e d  b y  tw o  
p l a n e s  1 a n d  2 , th e  r a t e  o f  a c c u m u la t io n  o f  m a t t e r  m a y  b e  s t a t e d  a s
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(P1-P2) = -D + D 8dx d> 2 . 3
w h ic h  g ives
T h e  a b o v e  e q u a t io n s  r e p r e s e n t  th e  m o s t  b a s ic  f o r m s  o f  F ic k 's  la w s . M o s t  
s y s t e m s  w o u l d  b e  in  tw o  o r  th r e e  d im e n s io n s  a n d  m a n y  h a v e  c o n c e n t r a t io n  
d e p e n d e n t  d i f f u s io n  c o e f f ic ie n ts  w h ic h  in t r o d u c e s  m o r e  c o m p le x i ty  in to  th e  
d i f f u s io n  e q u a t io n .  H o w e v e r ,  th e  io n  b e a m  e x p e r im e n ts  a r e  u s e d  to  s t u d y  o n e  
d im e n s io n a l  d i f f u s io n  a n d  i t  w i l l  b e  a s s u m e d  th a t  th e  d i f f u s io n  c o e f f ic ie n t  m a y  
b e  t r e a t e d  a s  c o n s ta n t .  T h e  s o lu t io n  o f  th e  d i f f u s io n  e q u a t io n  f o r  th e  i n d u c t i o n  
p e r i o d  p r o f i le s  is  t h a t  o f  a  s p e c ie s  in to  a th ic k  la y e r  f r o m  a  s o u r c e  w h ic h  h o ld s  
t h e  s u r f a c e  a t  c o n s t a n t  c o n c e n t r a t io n
w h e r e  (j) is  th e  c o n c e n t r a t io n  o f  th e  p e n e t r a n t ,  c[)0 is th e  e q u i l i b r iu m  
c o n c e n t r a t io n  o f  th e  p e n e t r a n t  a t  th e  s u r f a c e ,  T  is th e  e x p o s u r e  t im e ,  x  is  th e  
d i r e c t i o n  o f  d i f f u s io n  a n d  D  is  th e  d i f f u s io n  c o e f f ic ie n t . T h e  p r o b le m  o f  th e  
F ic k ia n  p r e c u r s o r  is  t h a t  o f  d i f f u s io n  a h e a d  o f  a  m o v in g  b o u n d a r y  t h a t  is  a t  
c o n s t a n t  c o n c e n t r a t io n .  T h e  s o lu t io n  m a y  b e  s t a t e d  a s
w h e r e  V  is  th e  v e lo c i ty  o f  th e  f r o n t  m o v in g  in  th e  p o s i t i v e  x  d i r e c t io n ,  H u i  e t  
a l  (1987) a n d  M il ls  e t  a l (1986).
(j) (x) = (j)0 erfc
/ 4 D ©
2.5
(j) (x) = (j)0 exp __ 2  . 6
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2.3.3 CASE II D IFFU SIO N
I n  r e c e n t  y e a r s  r e s e a r c h  h a s  s h o w n  a n  in c r e a s in g  n u m b e r  o f  s y s te m s  w h ic h  fa il  
t o  b e  e x p la in e d  b y  F ic k 's  la w s . T h e  a n o m a lo u s  p h e n o m e n o n  w h ic h  s e e m s  to  
h a v e  r e c e iv e d  th e  m o s t  a t t e n t io n  a n d  s t u d y  is  C a s e  I I  d i f f u s io n .  I t  is  m o s t  
c o m m o n ly  a s s o c ia te d  w i th  th e  p e n e t r a t i o n  o f  o r g a n ic  s o lv e n t s  in to  g la s s y  
p o ly m e r s .  C a s e  II  d i f f u s io n  w a s  d i s c o v e r e d  e x p e r im e n ta l ly  lo n g  b e f o r e  th e  
th e o r ie s  w h ic h  g o v e r n  i ts  b e h a v io u r  w e r e  p o s t u l a t e d .  I t  w a s  f i r s t  n a m e d  a s  
s u c h  b y  A lf r e y  in  1965 , b u t  i t  w a s  n o t  u n t i l  1982  t h a t  th e  m o s t  t h o r o u g h  a n d  
w i d e l y  a c c e p te d  th e o r y  to  e x p la in  C a s e  II  d i f f u s io n  w a s  p u b l i s h e d  b y  T h o m a s  
a n d  W in d le  (T W ). B e fo re  i n t r o d u c in g  th e  T W  t h e o r y  th e  g e n e r a l  
c h a r a c te r i s t ic s  o f  C a s e  II  d i f f u s io n ,  a n d  h o w  i t  d i f f e r s  f r o m  F ic k ia n  b e h a v io u r ,  
a r e  b r ie f ly  d i s c u s s e d .
W h e n  a  r i g id  g la s s y  p o ly m e r  is  p e n e t r a t e d  b y  a  s o lv e n t  i t  b e c o m e s  s o f te r  a n d  
r u b b e r y  w i t h  a  s h a r p  b o u n d a r y  b e tw e e n  th e  p e n e t r a t e d  r u b b e r y  r e g io n  a n d  th e  
r i g i d  u n p e n e t r a t e d  r e g io n .  T h e  s h a r p  f r o n t  b e tw e e n  th e  r e g io n s  m o v e s  a t  a  
c o n s t a n t  v e lo c i ty  t h r o u g h  th e  p o ly m e r .  C u r r e n t  th e o r ie s  i n d ic a te  t h a t  th e r e  
s h o u l d  b e  n e g l ig ib le  c o n c e n t r a t io n  g r a d i e n t  o f  th e  p e n e t r a n t  in  th e  p e n e t r a t e d  
r e g io n .  I n  th e  u n p e n e t r a t e d  r e g io n  a  F ic k ia n  p r e c u r s o r ,  f i r s t  p r o p o s e d  b y  
P e t e r l i n  in  1 9 6 5 , p r e c e d e s  th e  f ro n t .  T h e r e  is  a n  i n d u c t io n  p e r i o d  to  f r o n t  
f o r m a t io n  t h a t  is  a ls o  F ic k ia n  in  n a tu r e .  T h e s e  p h y s ic a l  c h a r a c te r i s t ic s  l e a d  to  
a n  i d e a l i s e d  c o n c e n t r a t io n  p ro f i le  a s  in  f ig  2 .4  (M ills  e t  a l 1 9 8 6 ).
M a n y  p e o p le  h a v e  a t t e m p te d  to  m o d e l  th e  c h a r a c te r i s t ic s  o f  s o r p t i o n  
b e h a v i o u r  in  g la s s y  p o ly m e r s .  In  1972  K w e i a t  a l  s t u d i e d  th e  d i f f u s io n  o f  
a c e to n e  in to  P V C  b y  th e  m e a s u r e m e n t  o f  w e ig h t  g a in  a n d  d i s t a n c e  o f  
p e n e t r a t i o n  a s  a  f u n c t io n  o f  t im e . U s in g  a  g e n e r a l i s e d  d i f f u s io n  e q u a t i o n  
w h i c h  a c c o u n te d  f o r  b o t h  C a s e  II  a n d  F ic k ia n  b e h a v io u r ,  th e y  o b ta in e d  g o o d  
a g r e e m e n t  to  e x p e r im e n ta l  r e s u l t s .  H o w e v e r  th is  w a s  a  o n e  o f f  e x p e r im e n t  
w i t h  n o  f u r t h e r  i n v e s t ig a t io n  in to  th e  d i f f u s io n  m e c h a n i s m s  o f  th e
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a c e t o n e / P V C  s y s te m .  I t  is  ty p ic a l  o f  th e  b a tc h  o f  th e o r ie s  p r o p o s e d  p r i o r  to  
th e  T W  th e o r y .  A l th o u g h  in i t i a l ly  th e  th e o r ie s  s e e m  to  f i t  i s o la te d  s e ts  o f  
s o r p t i o n  d a t a ,  m a n y  a r e  la c k in g  in  a n y  r e a l  p h y s ic a l  b a s i s ,  a s  in  th e  c a s e  o f  
K w e i  e t  a l , o r  d o  in d e e d  d e s c r ib e  a n  a n o m a lo u s  p h e n o m e n o n  t h a t  is  n o t  
s t r ic t ly  C a s e  II  d i f f u s io n .  A n  e x c e l le n t  s u m m a r y  o f  s u c h  th e o r ie s  is  g iv e n  b y  
T h o m a s  a n d  W in d le  a s  a n  i n t r o d u c t io n  to  th e i r  o w n  d e f o r m a t i o n  m o d e l  o f  
C a s e  II d i f f u s io n  (1980).
C o n c e n t r a t i o n
F I G U R E  2 .4  ID E A L IS E D  C O N C E N T R A T I O N  P R O F IL E  F O R  C A S E  II
D I F F U S I O N
T h e  v is c o s i ty  a n d  d i f f u s iv i ty  o f  g la s s y  p o ly m e r s  a r e  v e r y  s e n s i t iv e  to  th e  
c o n c e n t r a t io n  o f  th e  p e n e t r a n t  d u r i n g  C a s e  II d i f f u s io n .  T h is  le a d s  to  a  v e r y  
la r g e  d e c r e a s e  in  th e  v is c o s i ty  a n d  a c o r r e s p o n d in g  in c r e a s e  in  th e  d i f f u s iv i ty  
w i th in  a  n a r r o w  r a n g e  o f  c o n c e n t r a t io n .  O n c e  th e  c r i t ic a l  c o n c e n t r a t io n  is  
r e a c h e d  th e r e f o r e ,  th e  p o ly m e r  b e c o m e s  p la s t i c i s e d  v e r y  q u ic k ly  p r o d u c i n g  a
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d r a m a t i c  d e c r e a s e  i n  t h e  p o ly m e r  s e g m e n ta l  r e l a x a t io n  t im e s . T h e  g la s s y  
p o ly m e r  h a s  a  v e r y  lo n g  r e la x a t io n  t im e  a n d  th e  r u b b e r y  p la s t i c i s e d  p o ly m e r  
h a s  a  v e r y  s h o r t  r e la x a t io n  t im e . O n c e  th e  r e l a x a t io n  t im e  h a s  s h o r t e n e d  th e  
r a t e  o f  s w e l l in g  in c r e a s e s  r a p id ly  r e s u l t i n g  in  a s h a r p  f r o n t .  T h e  i n d u c t i o n  
p e r i o d  is  th e r e f o r e  th e  t im e  t a k e n  fo r  th e  p e n e t r a n t  c o n c e n t r a t io n  to  r e a c h  i t 's  
c r i t ic a l  v a lu e .
T h o m a s  a n d  W in d le  p o s tu l a t e  t h a t  a s  th e  C a s e  II f r o n t 's  m o v e m e n t  is  
i n d e p e n d e n t  o f  its  p o s i t io n  i t  im p l ie s  t h a t  th e  d i f f u s io n  o f  m o le c u le s  t h r o u g h  
t h e  s w o l le n  la y e r  u p  to  th e  f r o n t  is  n o t  th e  r a te  c o n t r o l l in g  p r o c e s s .  T h is  m u s t  
o c c u r  a t  th e  f r o n t  i t s e l f  a n d  c a n  b e  r e g a r d e d  as th e  m o v e m e n t  a n d  r e la x a t io n  
o f  p o ly m e r  s e g m e n ts  in  r e s p o n s e  to  a n  o s m o t ic  s w e l l in g  s t r e s s .  T h is  t y p e  o f  
s o r p t i o n  is  th e r e f o r e  o f te n  d e s c r ib e d  a s  'r e l a x a t io n  c o n t r o l l e d ' b u t  w i t h  n o  
f u r t h e r  in d ic a t io n  a s  to  th e  p h y s ic a l  n a t u r e  o f  th e  p r o c e s s .  T h o m a s  a n d  
W i n d le 's  th e o r y  is  b a s e d  o n  th e  t im e  d e p e n d e n t  d e f o r m a t i o n  o f  th e  p o ly m e r  
a s  th e  r a te  c o n t r o l l in g  m e c h a n is m .
2 .3 .3 .1  T H O M A S  A N D  W IN D L E  M O D E L
T h o m a s  a n d  W in d le  f i r s t  e s t a b l i s h e d  a r e l a t io n s h ip  b e tw e e n  c o n c e n t r a t io n  o f  
p e n e t r a n t ,  i t 's  a c t iv i ty  a n d  p r e s s u r e  u s in g  th e r m o d y n a m ic s .  T h e  c h e m ic a l  
p o t e n t i a l  p e r  m o le  o f  p e n e t r a n t  s o r b e d  in to  a s w o l le n  p o ly m e r ,  w i th  r e f e r e n c e  
to  a  s t a n d a r d  s ta te ,  is  g iv e n  b y
b i - i V  = RT
r  
GV
i [ ( l - v / % -  ( 1 - v , ) ]  + l n v 1 2 . 7
v V i
+ ( l - v /  + X ( 1 - v /  2)
w h e r e  G  is  th e  n u m b e r  o f  n e tw o r k  e le m e n ts  in  th e  p o ly m e r ,  V x v o lu m e  o f  th e  
p e n e t r a n t ,  Vj is th e  v o lu m e  o f  th e  u n s w o l l e n  p o ly m e r ,  V! is  t h e  v o lu m e  f r a c t io n
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o f  th e  p e n e t r a n t  in  th e  u n s w o l l e n  p o ly m e r ,  % is th e  p o ly m e r  s o lv e n t  in t e r a c t io n  
p a r a m e t e r ,  T  is  th e  t e m p e r a t u r e  a n d  R  is  th e  g a s  c o n s ta n t .  T h e  t e r m  in  th e  
s q u a r e  b r a c k e ts  a c c o u n t s  f o r  e n t r o p ic  c o n s t r a in t s  c a u s e d  b y  th e  m o le c u la r  
n e t w o r k  a n d  th e  l a s t  th r e e  t e r m s  a r e  d e r i v e d  f ro m  c o n s id e r a t io n s  a r i s in g  f r o m  
o n e  c o m p o n e n t  b e in g  m a c r o m o le c u la r .
A s  th e  p e n e t r a n t  is  s o r b e d  in to  th e  p o ly m e r  n e t w o r k  th e r e  is  a  fo rc e  o f  
o p p o s i t i o n  to  th e  s w e l l in g  w h ic h  c o m e s  f r o m  th e  k in e t ic  im m o b i l i ty  o f  th e  
n e tw o r k .  In  q u a n t i t a t i v e  te r m s  T h o m a s  a n d  W in d le  s ta te  t h a t  th is  fo rc e  m a y  
b e  c o n s id e r e d  e q u a l  to  a n  e x te r n a l  h y d r o s t a t i c  p r e s s u r e  P  w h ic h  a c ts  o n  th e  
p o l y m e r  b u t  n o t  o n  th e  l iq u id .  T h e n  th e  s o r p t io n  o f  o n e  m o le  o f  p e n e t r a n t  o f  
v o lu m e  V jN a w il l  c a u s e  w o r k  P V 7N A to  b e  d o n e ,  g iv in g
r  
GV
©
l n V j  + C1 — v !)  + x  <1 - v i > 2)
T h is  e q u a t io n  m a y  b e  a p p l i e d  to  th e  s w e l l in g  o f  a  g la s s y  p o ly m e r .  A c t iv i ty  is  
n o w  i n t r o d u c e d  a s  a  m e a s u r e  o f  th e r m o d y n a m ic  p o te n t i a l  in  c o n d i t io n s  o f  
v a r y i n g  c o n c e n t r a t io n  a n d  p r e s s u r e .  T h e  t r a d i t io n a l  d e f in i t io n  o f  a c t iv i ty ,  
is
JLLj “ M-i 0 = RT loa-L 2 . 9
E q u a t in g  2 .8  a n d  2 .9  g iv e s
lna1-Ig?S + ^[(l-v1)*- (1-v,)] * mVl + 2.10
( 1 “ V 1) + x  ( l ' V j ) 2
T h is  g iv e s  t h e  r e l a t i o n s h ip  b e tw e e n  a c t iv i ty  o f  th e  p e n e t r a n t ,  i t 's  v o lu m e  
f r a c t io n  a n d  th e  a d d i t i o n a l  p r e s s u r e .  T o  s im p l i f y  th i s  r e l a t i o n s h ip  t h e  v o lu m e
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r a t i o  v  is  i n t r o d u c e d .  T h is  is  th e  r a t io  o f  th e  v o lu m e  f r a c t io n  v 1 to  th e  
e q u i l i b r iu m  v o lu m e  f r a c t io n  u n d e r  c o n d i t io n s  o f  z e r o  e x t r a  p r e s s u r e  a n d  u n i t  
a c t iv i ty .  I f  th e  c h e m ic a l  b e h a v io u r  is  n o w  a s s u m e d  to  b e  ' i d e a l '  t h e n  th e  
f o l lo w in g  a s s u m p t io n  m a y  b e  m a d e
V = ( a x) p=0 2 . 1 1
t h e  a b o v e  r e la t io n  u s e d  in  e q u a t io n  2 .1 0  g iv e s
, GV.r „ ,lnv =   ^(1-Vj)*- (1-Vj)] + InVj +
“ L 1 1 J 1 2 . 1 2  
( 1 - V j )  +  X d © ) 2
t h e n
In = PV,Na _1 A + In V 2 . 13RT
r e a r r a n g i n g  e q u a t io n  2 .13  g iv e s
P = RT In
f  ^
fa 2 .14
w h i c h  is  th e  s im p l i f i e d  f o r m  o f  th e  p r e s s u r e  e q u a t i o n  w h e n  id e a l  c h e m ic a l  
c o n d i t io n s  a r e  a s s u m e d .  T h e  th e o r y  c o n t in u e s  b y  c o n s id e r in g  th e  s w e l l in g  o f  
a  v e r y  t h in  e l e m e n t  o n ly ,  f o l lo w e d  b y  th e  e x te n s io n  to  a  b u l k  s y s te m  m a d e  u p  
o f  a  f in i te  n u m b e r  o f  v e r y  s u c h  v e r y  th in  e le m e n ts .  W h e n  c o n s id e r in g  a  v e r y  
t h i n  e l e m e n t  d i f f u s io n a l  r e s i s ta n c e  is  a s s u m e d  n e g l ig ib le  a n d  s o  th e  i n s t a n t  i t  
is  im m e r s e d  in  f lu id  th e  s o r b e d  p e n e t r a n t  a c h ie v e s  u n i t  a c t iv i ty  t h r o u g h o u t  th e  
e le m e n t .  T o  m o d e l  b u l k  t r a n s p o r t  a s  c lo s e ly  a s  p o s s ib le  t h e  th in  e l e m e n t  is  
th e o r e t i c a l ly  b o n d e d  to  a n  i n e r t  s u b s t r a t e ,  s o  t h a t  n o  c h a n g e  in  a r e a  m a y  ta k e  
p la c e  o n  s w e l l in g .  T h e  f o l lo w in g  a s s u m p t io n s  m u s t  n o w  b e  m a d e  in  o r d e r  to
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I) T h e  v o lu m e  in c r e a s e  o n  s w e l l in g  is  p r o p o r t i o n a l  to  th e  v o lu m e  o f  
a b s o r b e d  p e n e t r a n t .
II) T h e  v is c o s i ty ,  T[ o f  th e  p o ly m e r  d e c r e a s e s  e x p o n e n t i a l ly  w i th  in c r e a s in g  
c o n c e n t r a t io n ,  a c c o r d in g  to  rj = r j0 e x p [ -m v ]  w h e r e  m  is  a  c o n s ta n t  a n d  
T]0 is  th e  v is c o s i ty  o f  th e  u n s w o l l e n  p o ly m e r .
p ro c e e d  w ith  th e  ana ly sis
T h e  s w e l l in g  p r e s s u r e  n o w  b e c o m e s
P = In (i| 2.15
V A  ' v
T h e  r e s p o n s e  o f  th e  e l e m e n t  to  th is  p r e s s u r e  is a  s t r a in  r a te ,  w h ic h  m a y  b e  
a s s u m e d  to  b e  r e l a t e d  to  th e  v is c o s i ty  b y
= L  2.16dt 7]
T h e  s t r a in  e x p e r ie n c e d  b y  th e  e l e m e n t  m a y  b e  d i r e c t ly  r e l a t e d  to  th e  c h a n g e  
in  v o lu m e ,  e s p e c ia l ly  s in c e  th e  p r e s e n c e  o f  th e  s u b s t r a t e  m a k e s  th e  s w e l l in g  
u n id i r e c t io n a l .  A  p a r a m e t e r  k  m a y  b e  d e f in e d  a s  e / v  l e a d in g  to
—  = JL 2.17dt k*n
I f  s u b s t i t u t i o n s  fo r  P  a n d  rj a r e  m a d e ,  t h e n  o n e  o b ta in s
dv _ -rt
dt VjN+Tl, In (v) exp[mv] 2.18
T h is  e q u a tio n  d escrib es  the  sw e llin g  o f a very  th in  e le m en t as a fu n c tio n  of
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t im e .  T h e  n e x t  s ta g e  is  to  a p p l y  e q u a t i o n  2 .18  to  a  b u lk  m a te r i a l  m a d e  u p  o f  
m a n y  s u c h  e le m e n ts .  T h e  e le m e n ts  p a r a l l e l  to , b u t  r e m o te  f r o m  th e  s u r f a c e  
w i l l  s w e l l  u n d e r  c o n d i t io n s  o f  r e d u c e d  a c t iv i ty .  T h e  a c t iv i ty  w i l l  i n c r e a s e  w i t h  
t im e ,  c o n t r o l l e d  b y  th e  d i f f u s io n a l  r e s i s ta n c e  o f  th e  m a te r i a l  b e tw e e n  th e  
e l e m e n t  a n d  th e  s u r f a c e .  T h e  m o d i f i e d  v e r s io n  o f  e q u a t io n  2 .1 8  f o r  a n  e le m e n t  
i ,  i n  t h e  b u lk  m a te r i a l  e x p e r ie n c in g  a r e d u c e d  a c t iv i ty  a is
it = — ~RT In (-B exp [mv] 2.19dti V,N.k1l0 U  /
S in c e  th e  r a te  o f  c h a n g e  o f  a c t iv i ty  is c o n t r o l le d  b y  th e  d i f f u s io n a l  r e s i s ta n c e ,  
F ie ld s  f i r s t  l a w ,  s t a t e d  in  t e r m s  o f  c h e m ic a l  p o te n t i a l s  is u s e d
J = -D 2.20
a  d x
w h e r e  D  is  th e  d i f f u s io n  c o e f f ic ie n t  o f  th e  p e n e t r a n t  in  th e  g la s s  a n d  J is  th e  
f lu x . T h e  c h a n g e  in  c o n c e n t r a t io n  in  a  t h i n  e le m e n t  o f  w i d th  5 x  is  g iv e n  b y  th e  
d i f f e r e n c e  in  f lu x e s  in  a n d  o u t  o f  i t 's  b o u n d a r i e s ,
d v  _ Ji“J 2 _ D2|vWda\ _ D:[vWda\ ?
dt ~hx“ ■hZiT/2id^/2
N o w  u s in g
A a ’ A a ' Av"
/ S t i i ."S t.
F o r  e a s e  o f  c o m p u ta t io n  f in i te  e l e m e n t  f o r m  is u s e d ,  l e a d in g  to
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" A a ' 
" S t
A a
S V
D i+1+ D t
V tt
LV 2 8:
V ■ , +vl + 1 :
A
a . ^ + a , 2 . 2 3
2 5x2
V
A
V j - i + V i  
a ^ + a ,
F o r  e a c h  t im e  in c r e m e n t  t h e  c h a n g e
Av
S t
2 . 2 4
is  c a lc u la te d  b y  e q u a t io n  2 .1 9  a t  c o n s t a n t  a c t iv i ty  a n d  is r e l a t e d  to
S F
2 . 2 5
A
a n d
' A a , '
i s e a
2 . 2 6
is  th e n  c a lc u la te d  a t  c o n s t a n t  ( v / a )  r a t io s .  T h e  fa c t  t h a t  ( v / a ) i s  c o n s t a n t  f o r  
a  g iv e n  t im e  in c r e m e n t  m e a n s  t h a t  th e  t e r m  (A a /A v ); in  e q u a t io n  2.11 is  j u s t  
s i m p l y  ( a /v ) ; .
2 .3 .3 .2  C O M P U T E R  S IM U L A T IO N  O F  D IF F U S IO N  P R O F IL E S  U S IN G  
T H O M A S  A N D  W IN D L E  T H E O R Y
A  c o m p u te r  s im u la t io n  o f  th e  d i f f u s io n  p r o f i le s  u s i n g  th e s e  e q u a t io n s  h a s  b e e n  
d e v e lo p e d .  T h e  e q u a t i o n s  2 .19  a n d  2 .23  f o r m  th e  b a s i s  o f  th e  th e o r y  a n d  h a v e
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b e e n  u s e d  in  a  F o r t r a n  p r o g r a m  to  s im u la te  c o n c e n t r a t io n  p r o f i le s  d e p ic t in g  
C a s e  II  d i f f u s io n  b e h a v io u r .  T h e  c a lc u la t io n  p r o c e e d s  b y  f i r s t  d e t e r m in in g  th e  
c h a n g e  in  th e  a c t iv i ty  p r o f i le  fo r  a f ix e d  p r o f i le  o f  ( v /  a) u s i n g  e q u a t io n  2 .23 . 
T h e n ,  u s in g  th e  m o d i f i e d  a c t iv i ty  p r o f i le  th e  c h a n g e  in  th e  ( v / a )  p r o f i le  is  
d e t e r m i n e d  u s in g  e q u a t io n  2 .19 . T h e  n e w  ( v / a )  p r o f i l e  is  u s e d  to  c a lc u la te  
a n o t h e r  a c t iv i ty  p r o f i le ,  a n d  s o  o n . T h e  p r o g r a m  in c o r p o r a t e s  a  t im e s t e p p in g  
lo o p  w i th in  w h ic h  e a c h  o f  th e  f o l lo w in g  a r e  c a lc u la te d
I) T h e  d i f f u s io n  c o e f f ic ie n t  f o r  e a c h  e le m e n t .
II) T h e  a c t iv i ty  g r a d i e n t  a t  e a c h  e le m e n t .
III) T h e  v o lu m e  a c t iv i ty  r a t i o n  in  e a c h  e le m e n t .
IV ) T h e  v o lu m e  r a t io  g r a d i e n t  a t  e a c h  e le m e n t .
T h e  p r o g r a m  th e n  c a lc u la te s  th e  v o lu m e  r a t io  a n d  a c t iv i ty  in  e a c h  e le m e n t  a t  
t h e  n e x t  t im e s te p .  T h e  p r o f i le s  m a y  b e  p r i n t e d  o u t  a t  a n y  s ta g e .  T h e  p r o g r a m  
is  in  a p p e n d i x  1. A  te s t  o f  th e  p r o g r a m  w i th  th e  p a r a m e t e r s  u s e d  b y  T h o m a s  
a n d  W in d le  fo r  d i f f u s io n  o f  m e th a n o l  in to  P M M A  a s  w e ll  a s  th e  a p p l i c a t io n  
o f  th e  p r o g r a m  to  th e  d i f f u s io n  o f  a c e to n e  in to  P V C  is  in  c h a p te r  6.
2 .3 .3 .3  E F F E C T S  O F  T E M P E R A T U R E  A N D  A C T IV IT Y  O N  C A S E  II
D IF F U S IO N
T h o m a s  a n d  W i n d le 's  s t u d i e s  o f  C a s e  II d i f f u s io n  f o r  a r a n g e  o f  e x p o s u r e  
t e m p e r a t u r e s  o f  p o ly m e r  s a m p le s  to  s o lv e n t s  s h o w  th a t  a s  th e  t e m p e r a t u r e  
r i s e s  c h a n g e s  in  th e  f u n d a m e n t a l  n a t u r e  o f  th e  d i f f u s io n  o c c u r  (1978). T h e y  
s t a t e  t h a t  a t  h ig h  t e m p e r a tu r e s  th e  d i f f u s io n  m a y  b e c o m e  c o m p le te ly  F ic k ia n , 
w h i l e  i n t e r m e d ia t e  t e m p e r a tu r e s  s h o w  a m ix tu r e  o f  F ic k ia n  a n d  C a s e  II  
b e h a v io u r .  A s  th e  t e m p e r a t u r e  r i s e s  th e  v e lo c i ty  o f  th e  C a s e  II  d i f f u s io n  f r o n t  
in c r e a s e s ,  a l t h o u g h  th e  f in a l  e q u i l i b r iu m  c o n c e n t r a t io n  o f  s o lv e n t  w i th in  th e  
p o l y m e r  a p p e a r s  c o n s ta n t .  A s  y e t  h o w e v e r ,  th e r e  d o  n o t  a p p e a r  to  h a v e  b e e n  
a n y  s t u d i e s  w h ic h  h a v e  a t t e m p t e d  to  d e t e r m in e  th e  e f fe c t  o f  t e m p e r a t u r e  o n
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th e  p o ly m e r  itse lf d u r in g  d iffu sion .
A n o t h e r  f a c to r  w h ic h  a f fe c ts  th e  d i f f u s io n  b e h a v i o u r  is  th e  a c t iv i ty  o f  th e  
p e n e t r a n t  s u r r o u n d i n g  th e  p o ly m e r .  A  s t u d y  b y  L a s k e y  e t  a l (1 9 8 8 b ) h a s  
s h o w n  t h a t  th e r e  is  a  t h r e s h o ld  a c t iv i ty  b e lo w  w h ic h  n o  C a s e  II  d i f f u s io n  is  
s e e n .  B e lo w  th is  t h r e s h o ld  n o  f r o n t  is  f o r m e d  a n d  th e  d i f f u s io n  r e m a in s  
F ic k ia n . A b o v e  th e  t h r e s h o l d  n o r m a l  C a s e  II  b e h a v i o u r  is  s e e n ,  h o w e v e r  th e  
f r o n t  v e lo c i ty  is  r e d u c e d  fo r  r e d u c e d  a c t iv i t ie s .
2 .3 .3 .4  R E C E N T  S T U D IE S  O F  C A S E  II D IF F U S IO N
C a s e  I I  b e h a v i o u r  h a s  b e e n  o b s e r v e d  in  a n u m b e r  o f  g la s s y  p o l y m e r / s o l v e n t  
s y s te m s  s u c h  a s  p o ly s ty r e n e  in  a c e to n e ,  A lf re y  e t  a l (1966), a n d  in  n - a lk a n e s ,  
H o p f e n b u r g  e t  a l  (1 9 6 9 ), L a s k e y  e t  a l (1 9 8 8 a , 1 9 8 8 b ), c r o s s l in k e d  e p o x ie s  in  
b e n z e n e ,  K w e i  a n d  Z u p k o  (1 9 6 9 ), P M M A  in  a lc o h o ls ,  T h o m a s  a n d  W in d le  
(1 9 7 8 ,1 9 8 1 )  a n d  P M M A  in  t r i c h lo r o e th a n e ,  M ills  e t  a l (1986). H o w e v e r ,  m o s t  
o f  th e  w o r k  to  d a te  o n  C a s e  II d i f f u s io n  c a n  b e  s p l i t  in to  tw o  p a r t s .  T h e  f i r s t  
u s i n g  e x p o s u r e  t im e s  in  th e  r a n g e  2 to  3 0 0  h o u r s  a n d  th in  f i lm s  o f  ty p ic a l ly  
4  p m  to  20  p m  to  s t u d y  th e  in d u c t io n  p e r io d  a n d  f r o n t  f o r m a t io n  w i t h  
s u b m ic r o n  r e s o lu t io n .  T h e  s e c o n d  u s in g  e x p o s u r e  t im e s  in  th e  r a n g e  10  to  20 0  
h o u r s  a n d  l a r g e r  s a m p le s  o f  ty p ic a l ly  1 m m  to  3 m m  th ic k  to  v i s u a l i s e  a n d  
s t u d y  th e  c h a r a c te r i s t ic s  o f  th e  d i f f u s io n  u n t i l  m a s s  e q u i l ib r a t io n  is  r e a c h e d ,  
w h ic h  m a y  b e  a  n u m b e r  o f  d a y s .
T h e  e x t r e m e s  w h ic h  th e  s t u d y  o f  s u c h  d i f f u s io n  p r o c e s s  c o v e r ,  n a m e ly  
s u b m ic r o n  to  a  f e w  o f  m m , h a v e  p r o h i b i t e d  d e t a i l e d  s t u d y  o f  a ll  a s p e c t s  o f  
C a s e  II  d i f f u s io n  b y  o n e  g r o u p .  T h e  l im i t in g  f a c to r  h a s  in  m o s t  c a s e s  b e e n  th e  
c o n s t r a in t s  o f  th e  e x p e r im e n ta l  t e c h n iq u e s  u s e d .  O n e  o f  th e  a im s  o f  th i s  w o r k  
is  to  l in k  th e  tw o  e x t r e m e  a r e a s  o f  s t u d y  b y  u s in g  tw o  e x p e r im e n ta l  t e c h n iq u e s  
w h ic h  a r e  c o m p le m e n ta r y  to  s t u d y  a ll a s p e c ts  o f  C a s e  II d i f f u s io n  o f  a c e to n e
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in to  P V C .
2 .3 .3 .5  R E V IE W  O F  E X P E R IM E N T A L  T E C H N IQ U E S  U S E D  T O
S T U D Y  C A S E  II D IF F U S IO N
T h e  s im p le s t  m e th o d  u s e d  to  s t u d y  C a s e  II  d i f f u s io n  is g r a v im e t r i c  a n a ly s is .  
T w o  g r o u p s  w h o  u s e d  th is  t e c h n iq u e  a r e  T h o m a s  a n d  W in d le  (1 9 7 7 , 1978 , 
1981) a n d  H o p f e n b u r g  e t  a l (1969). R e s u l ts  c a n  y ie ld  q u a n t i t a t i v e  a n a ly s i s  o f  
th e  C a s e  II  f r o n t  v e lo c i ty  a n d  i ts  d e p e n d e n c e  o n  t e m p e r a t u r e  a n d  a c t iv i ty  a s  
w e l l  a s  th e  r a n g e  o v e r  w h ic h  C a s e  II is  s e e n . W h i le  g r a v im e t r i c  m e a s u r e m e n ts  
c a n  b e  a n a ly s e d  to  o b t a in  th e  f r o n t  v e lo c i ty  a n d  e q u i l i b r iu m  s o r p t io n ,  th e y  
c a n n o t  y ie ld  d e ta i l  o f  th e  s h a p e  o f  th e  c o n c e n t r a t io n  p r o f i le  in  th e  p o ly m e r .  
T h is  m a y  b e  o b ta in e d  u s in g  o p t ic a l  m ic r o s c o p ic  a n a ly s i s ,  T h o m a s  a n d  W in d le  
(1978) r a d io t r a c e r  a n d  x - r a y  m e th o d s ,  C r a n k  a n d  P a r k  (1968) a n d  C r a n k  (1975), 
h o w e v e r  r e s o lu t io n  is  n o t  g o o d  e n o u g h  to  o b s e r v e  c e r ta in  f e a tu r e s  o f  C a s e  II 
d i f f u s io n ,  s u c h  a s  th e  F ic k ia n  p r e c u r s o r .  O th e r  d i s a d v a n ta g e s  to  th e s e  
t e c h n iq u e s  a r e  th e  p r o b le m s  e n c o u n te r e d  w h e n  th e  x - r a y  s c a t t e r in g  c ro s s  
s e c t io n  o f  s o l id  a n d  p e n e t r a n t  a r e  s im i la r  a s  fo r  o r g a n ic  s o lv e n t s  in  p la s t ic s  a n d  
d e s t r u c t io n  o f  th e  s a m p le  b y  s l ic in g .
T o  o v e r c o m e  th e  p r o b le m  o f  p o o r  r e s o lu t io n  R u th e r f o r d  b a c k s c a t t e r in g  w a s  
a p p l i e d  to  th e  m e a s u r e m e n t  o f  C a s e  II d i f f u s io n  p r o f i le s ,  M ills  e t  a l (1986). 
S o m e  a d v a n ta g e s  o f  th is  t e c h n iq u e  a r e  th e  s u b  m ic r o n  r e s o lu t io n  p o s s ib le ,  th e  
s h o r t  e x p o s u r e  t im e s  r e q u i r e d  a n d  a b i l i ty  to  s t u d y  th e  i n d u c t i o n  p e r io d .  A  
d i s a d v a n t a g e  h o w e v e r  is  th e  l im i t a t i o n  in  th e  s a m p le  s iz e ,  a s  o n ly  th in  f i lm s  
c a n  b e  s t u d i e d  in  th is  w a y . A n o th e r  s u c c e s s fu l  e x p e r im e n ta l  t e c h n iq u e  u s e d  
to  s t u d y  C a s e  II  p r o f i le s  is  N M R  im a g in g ,  W e is e n b e r g e r  a n d  K o e n ig  (1 9 8 9 a , 
1 9 8 9 b ) a n d  th i s  h a s  p r o v i d e d  b o th  1 -d  a n d  2 - d  im a g e s  o f  th e  s o lv e n t  
c o n c e n t r a t io n .  M a r e c h i  e t  a l  (1988) u s e d  N M R  im a g in g  a n d  r e la x a t io n  t im e  
a n a ly s i s  to  s t u d y  th e  s w e l l in g  o f  P M M A  in  c h lo r o f o r m  a n d  c h a in  d y n a m ic s ,
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a l t h o u g h  n o  m e n t io n  o f  C a s e  II d i f f u s io n  w a s  m a d e .  T h e  u s e  o f  N M R  to  s t u d y  
d i f f u s io n  w il l  b e  f u r t h e r  d i s c u s s e d  in  th e  n e x t  s e c t io n . A ll  th e  te c h n iq u e s  u s e d  
t o  o b t a in  c o n c e n t r a t io n  p r o f i le s  h a v e  o n e  c o m m o n  d i s a d v a n ta g e .  T h e y  a r e  
o n ly  a b le  to  p r o v i d e  s o lv e n t  c o n c e n t r a t io n  p ro f i le s .  N o n e  o f  th e  t e c h n iq u e s  
u s e d  to  s t u d y  C a s e  II d i f f u s io n  to  d a te  h a v e  g iv e n  a n y  q u a n t i t a t i v e  i n f o r m a t io n  
a b o u t  th e  r ig id  s o l id ,  o r  r u b b e r y  p o ly m e r  a n d  a n y  c h a n g e s  t h a t  o c c u r  d u r i n g  
th e  d i f f u s io n  p ro c e s s .
T h e  f o l lo w in g  s e c t io n  w il l  s h o w  h o w  p r o f i le s  o f  b o t h  s o lv e n t  a n d  p o ly m e r  
c o n c e n t r a t io n  m a y  b e  o b ta in e d  u s in g  b r o a d l in e  N M R  im a g in g  t e c h n iq u e s .  T h e  
u s e  o f  r e la x a t io n  t im e  m e a s u r e m e n t s  is  d i s c u s s e d .  T h e s e  a r e  u s e f u l  to  h e l p  
a n a ly s e  c h a n g e s  o c c u r r in g  in  th e  p o ly m e r  d u r i n g  d i f f u s io n .
2 A  A P P L I C A T I O N  O F  N M R  T O  T H E  S T U D Y  O F  D I F F U S I O N
I n  s y s te m s  w h ic h  e x h ib i t  F ic k ia n  d i f f u s io n  th e  m o s t  i m p o r t a n t  p a r a m e t e r  is  th e  
d i f f u s io n  c o e f f ic ie n t .  W ith  a  k n o w le d g e  o f  th is ,  th e  c o n c e n t r a t io n  p r o f i le s  o f  
th e  p e n e t r a n t  m a y  b e  m o d e l l e d .  M a n y  p r e v io u s  s tu d i e s  o f  d i f f u s io n  h a v e  b e e n  
c o n c e r n e d  w i th  th e  m e a s u r e m e n t  o f  th e  d i f f u s io n  c o e f f ic ie n t  a n d  h a v e  u s e d  th e  
p u l s e d  f ie ld  g r a d i e n t  m e th o d ,  f i r s t  d e m o n s t r a t e d  b y  S te js k a l a n d  T a n n e r  in  
1965 . In  th is  t e c h n iq u e  a m a g n e t i c  f ie ld  g r a d i e n t  is  u s e d  to  d e p h a s e  t h e  
m a g n e t i s a t i o n  f o l lo w in g  a 90° p u l s e ,  th e n  a f te r  a  180° i n v e r t i n g  p u l s e ,  a  s e c o n d  
b u r s t  o f  m a g n e t i c  f ie ld  g r a d i e n t  r e f o c u s s e s  th e  m a g n e t i s a t i o n  to  f o r m  a n  e c h o . 
I f  d i f f u s io n  h a s  o c c u r r e d  th e  s p in s  w i l l  b e  p a r t i a l l y  r e f o c u s s e d  a n d  t h e  
d i f f u s io n  c o e f f ic ie n t  m a y  b e  d e t e r m i n e d  f r o m  th e  e c h o  a m p l i t u d e  a t t e n u a t io n .
I n  a d d i t i o n  to  t h e  P F G  m e t h o d s  im a g in g  te c h n iq u e s  h a v e  b e e n  u s e d  to  
d e t e r m in e  v a lu e s  o f  d i f f e r e n t  c o e f f ic ie n t 's  b y  m o d e l l i n g  1 -d  c o n c e n t r a t io n  
p r o f i le s  o f  m o b i le  p r o to n s  in  l i q u id s  a s  t h e y  d i f f u s e  t h r o u g h  a  s o l id  m a te r i a l ,
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s u c h  a s  w a te r  in to  n y lo n ,  B la c k b a n d  a n d  M a n s f ie ld  (1986) a n d  M a n s f ie ld  
(1991).
U n l ik e  F ic k ia n  d i f f u s io n ,  C a s e  II d i f f u s io n  a n d  o th e r  a n o m a lo u s  d i f f u s io n  
p h e n o m e n a  c a n n o t  b e  c h a r a c te r i s e d  b y  th e  m e a s u r e m e n t  o f  o n e  c o e f f ic ie n t. 
F o r  s t u d i e s  o f  th e s e  m o r e  c o m p le x  ty p e s  o f  d i f f u s io n  r e s e a r c h e r s  h a v e  t u r n e d  
in c r e a s in g ly  to  im a g in g  m e th o d s .  U s in g  th e s e ,  a n a ly s i s  o f  th e  p r o f i le  s h a p e  is  
u s e d  to  c h a r a c te r i s e  th e  d i f f u s io n .  W e is e n b e r g e r  a n d  K o e n ig  h a v e  u s e d  th e  
F L A S H  im a g in g  s e q u e n c e ,  d e v e lo p e d  b y  H a a s e  e t  a l (1986) to  s t u d y  C a s e  II 
d i f f u s io n  o f  m e th a n o l  a n d  a c e to n e  in  P M M A , p r o d u c i n g  b o th  1 -d  a n d  2 -d  
im a g e s ,  (1 9 8 9 a , 1 8 8 9 b ).
M o s t  r e c e n t  s tu d i e s  o f  d i f f u s io n  b y  N M R  h a v e  b e e n  c o n c e r n e d  w i th  l iq u id  
p e n e t r a t i o n ,  u s in g  s t a n d a r d  l iq u id  im a g in g  s e q u e n c e s .  W e is e n b e r g e r  a n d  
K o e n ig  to o k  a P M M A  s a m p le  a n d  im m e r s e d  it  in  a  c o n ta in e r  o f  l iq u id  
m e th a n o l .  T h is  c o n ta in e r  w a s  t h e n  im a g e d  g iv in g  p r o f i le s  w h o s e  i n te n s i ty  w a s  
m a d e  u p  o f  a  c o m p o n e n t  f r o m  th e  a b s o r b e d  s o lv e n t  a n d  th e  s u r r o u n d i n g  
s o lv e n t .  T h e  m e t h o d  in i t ia l ly  s e e m s  a d v a n ta g e o u s ,  w i t h  th e  n e e d  to  u s e  o n ly  
o n e  s a m p le  a n d  l e a v e  i t  in  th e  m a g n e t  f o r  th e  d u r a t i o n  o f  th e  d i f f u s io n  tim e . 
H o w e v e r  th e  s ig n a l  f r o m  th e  s u r r o u n d i n g  f re e  l iq u id  is m a n y  o r d e r s  o f  
m a g n i t u d e  g r e a t e r  t h a n  th e  b o u n d  l i q u id  a n d  h a s  a  v e r y  m u c h  lo n g e r  T 2 
r e la x a t io n  t im e . T h e  m a k e s  th e  a c c u r a te  s t u d y  o f  th e  e x a c t  p r o f i le  s h a p e  o f  th e  
s h o r t  T 2 c o m p o n e n t  v e r y  d if f ic u l t .
T h is  te c h n iq u e  is n o t  a b le  to  p r o v id e  a n y  in f o r m a t io n  r e g a r d i n g  a c tu a l  
p o ly m e r  a s  F L A S H  is  a  l i q u id s  im a g in g  s e q u e n c e  d e s ig n e d  fo r  lo n g  T 2 
m a te r i a l s .  I m a g e s  o f  g o o d  q u a l i t y  a r e  n e e d e d  f o r  th e  d e t e r m in a t io n  o f  e x a c t  
p r o f i l e  s h a p e s  a n d  q u a n t i t a t i v e  a n a ly s i s  f r o m  p r o f i le .  I m p r o v e m e n t s  in  th e  
q u a l i t y  m a y  b e  o b ta in e d  b y  r e s t r i c t in g  th e  c o m p o n e n t s  s t u d i e d  to  th e  b o u n d  
f lu id  a n d  p e n e t r a t e d  p o ly m e r .  T h e  T 2's  o f  th e s e  c o m p o n e n t s  a r e  c lo s e r  in  
m a g n i t u d e  t h a t  th o s e  o f  th e  b o u n d  a n d  f re e  f lu id  a n d  h a v e  m o r e  d e t a i l e d
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p ro file s  a re  o b ta in ab le .
A  f u r t h e r  a d v a n c e  in  th e  im a g in g  o f  d i f f u s io n  is  to  s t u d y  th e  u n p e n e t r a t e d  
p o ly m e r ,  a s  w e l l  a s  th e  p e n e t r a t e d  p o ly m e r  a n d  b o u n d  f lu id .  T h e  T 2 v a lu e s  
o f  s u c h  c o m p o n e n t s  n e c e s s i ta te  th e  u s e  o f  b r o a d l in e  im a g in g  m e th o d s  s u c h  a s  
g r a d i e n t  e c h o , C o t t r e l l  (1990) a n d  v a r ia n t s ,  M c D o n a ld  e t  a l  (1993). W i th  th e  
u s e  o f  th e s e  te c h n iq u e s  v i s u a l i s a t io n  o f  th e  b o u n d  f lu id  a n d  p e n e t r a t e d  
p o ly m e r  to  s u b m i l l im e t r e  r e s o lu t io n  is p o s s ib le ,  P e r r y  e t  a l (1 9 9 4 a). H o w e v e r  
w i t h  th e  S T R A F I te c h n iq u e ,  P e r r y  e t  a l (1994b) th e  r ig id  im p e n e t r a t e d  p o l y m e r  
a s  w e l l  a s  th e  o th e r  c o m p o n e n t s  is  v i s u a l is e d .
T o  m a k e  a n y  q u a n t i t a t i v e  a n a ly s i s  c o n c e r n in g  p o s s ib le  c h a n g e s  in  m o le c u la r  
d y n a m ic s  o f  th e  p o ly m e r  it is  e s s e n t ia l  to  b e  a b le  to  s e p a r a t e  th e  p o l y m e r  
s ig n a l s  f r o m  th e  f lu id  s ig n a ls .  I s o to p e  l a b e l l in g  o f  th e  p e n e t r a n t  w i t h  
d e u t e r i u m  a l lo w s  th e  p o ly m e r  c o m p o n e n t  to  b e  v i s u a l i s e d  i n d e p e n d e n t l y  a s  
d e u t e r i u m  is  in v is ib le  to  p r o to n  N M R . S u b t r a c t io n  o f  s u c h  p r o f i le s  f r o m  th o s e  
o b t a i n e d  u s i n g  n o r m a l  a c e to n e  y ie ld s  p r o f i le s  o f  o n ly  th e  p e n e t r a n t .
2 .5  A P P L I C A T I O N  O F  I O N  B E A M  T E C H N I Q U E S  T O  T H E
S T U D Y  O F  D I F F U S I O N
I o n  b e a m  te c h n iq u e s ,  l ik e  N M R  im a g in g ,  a r e  p a r t i c u l a r ly  s u i t a b l e  f o r  o b t a i n i n g  
o n e  d im e n s io n a l  c o n c e n t r a t io n  p r o f i le s  fo r  u s e  in  d i f f u s io n  s tu d ie s .  R u th e r f o r d  
b a c k s c a t t e r in g  (RBS) is  th e  io n  b e a m  te c h n iq u e  t h a t  h a s  b e e n  u s e d  in  th e  
s t u d y  o f  C a s e  II d i f f u s io n .  A r e a s  o f  in t e r e s t  h a v e  b e e n  th e  e f fe c ts  o f  s o lv e n t  
m o le c u la r  s iz e ,  G a ll  (1990), t r a n s i e n t  s w e l l in g ,  H u i  e t  a l (1 9 8 7 a ), t e m p e r a t u r e  
d e p e n d e n c e ,  L a s k e y  e t  a l (1 9 8 8 b ), d e te r m in a t io n  o f  c o n c e n t r a t io n  p r o f i le s ,  M ills  
e t  a l (1989) a n d  e x p o s u r e  o f  s a m p le s  to  lo w  v a p o u r  a c t iv i t ie s ,  L a s k e y  e t  a l  
(1 9 8 8 a ). T h e  d e b o n d i n g  o f  a p h o to r e s i s t  c a u s e d  b y  C a s e  II  d i f f u s io n  h a s  a ls o
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b e e n  s t u d i e d ,  M ills  e t  a l (1989). T h e  R B S  w o r k  h a s  r e q u i r e d  th e  u s e  o f  t h i n  
f i lm s ,  a n d  w h i l s t  g iv in g  e x c e l le n t  r e s o lu t io n  o v e r  a  v e r y  s h o r t  d i s t a n c e ,  th e  
p o t e n t i a l  o f  th e  t e c h n iq u e  fo r  a  t h o r o u g h  s t u d y  o f  C a s e  II  d y n a m ic s  is  
s o m e w h a t  l im ite d .
W i t h  th e  e x c e l le n t  r e s o lu t io n  a t  s h o r t  e x p o s u r e  t im e s  a n d  o v e r  th in  s u r f a c e  
l a y e r s  io n  b e a m  m e th o d s  s e e m  p a r t i c u l a r ly  s u i t e d  to  b e in g  s u p p l e m e n t a r y  to  
o t h e r  e x p e r im e n ta l  t e c h n iq u e s  in  a  s t u d y  o f  C a s e  II  b e h a v io u r .  T h e  N R A  
t e c h n iq u e  o f fe r s  th e  p o s s ib i l i ty  to  s t u d y  c o n c e n t r a t io n  p r o f i le s  o f  e i t h e r  t h e  
p e n e t r a n t  o r  th e  p o ly m e r  a s  th e  b a s is  o f  th e  t e c h n iq u e  is  t h e  n u c l e a r  r e a c t io n  
b e t w e e n  a  d e u t e r i u m  a to m  a n d  a h e l iu m  io n . T h e  p e n e t r a n t  o r  th e  p o l y m e r  
m a y  b e  d e u t e r a t e d ,  s o  g iv in g  th e  c h o ic e  o f  c o n c e n t r a t io n  p r o f i le .  T h is  g iv e s  
a n  im m e d ia t e  a d v a n ta g e  o v e r  o th e r  t e c h n iq u e s  w h e r e  i t  is  o n ly  p o s s ib le  to  
s t u d y  th e  p e n e t r a n t  p ro f i le .
I n  a d d i t i o n  to  th e  u s e  o f  th e  N R A  te c h n iq u e  to  s t u d y  s u r f a c e  l a y e r s  o f  a  f e w  
m ic r o n s  th ic k n e s s  i t  m a y  b e  u s e d  to  s c a n  a  c ro s s  s e c t io n  o f  a  s a m p le  o f  u p  to  
a p p r o x im a te ly  20  m m . T h e s e  p r o f i le s  a r e  d i r e c t ly  c o m p a r a b le  w i t h  th e  N M R  
p r o f i l e s  o b ta in e d .  P r o f i le s  o b ta in e d  u s i n g  b o t h  te c h n iq u e s  m a y  b e  c o m p a r e d  
in  o r d e r  to  p r o v e  t h a t  w h a t  is  s e e n  is  d u e  to  a  d e f in i t e  p h y s ic a l  p r o c e s s  a n d  
n o t  a  c o n s e q u e n c e  o f  a  p a r t i c u l a r  e x p e r im e n ta l  te c h n iq u e .
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CHAPTER 3
D E V E L O P M E N T  O F  A  R E P E T I T I V E  P U L S E  V A R I A N T  
O F  B R O A D L I N E  G R A D I E N T  E C H O  M A G N E T I C  
R E S O N A N C E  I M A G I N G
M  I N T R O D U C T I O N
A l t h o u g h  th e  l a r g e s t  a r e a  o f  N u c le a r  M a g n e t ic  R e s o n a n c e  I m a g in g  c o n t in u e s  
to  b e  t h a t  o f  m e d ic a l  d ia g n o s i s  ( a n d  c l in ic a l  r e s e a r c h ) ,  m u c h  r e c o g n i t io n  is  n o w  
b e i n g  g a in e d  fo r  n o n  m e d ic a l  a p p l ic a t io n s .  T h e  im a g in g  o f  s o l id s  is  a n  a r e a  
t h a t  is  g r o w i n g  r a p i d l y ,  d e s p i t e  th e  p r o b le m s  a s s o c ia te d  w i th  i t  d i s c u s s e d  in  
c h a p t e r  1, w i th  th e  d e s i r e  to  im p r o v e  b o th  im a g e  q u a l i t y  a n d  r e s o lu t io n .
A  t e c h n iq u e  h a s  b e e n  d e v e lo p e d  w h ic h  is a  b r o a d l in e  v a r ia t io n  o f  th e  F L A S H  
l i q u i d s  im a g in g  s e q u e n c e .  H o w e v e r  i t  h a s  b e e n  d e v e lo p e d  to  im p r o v e  im a g e  
q u a l i t y  r a t h e r  t h a n  s im p ly  in c r e a s e  im a g in g  s p e e d .  T h e  s e q u e n c e  u s e s  th e  
b r o a d l i n e  g r a d i e n t  e c h o  te c h n iq u e  w i th  r e p e t i t iv e  s m a l l  f l ip  a n g le  p u l s e s  to  
o v e r c o m e  b a n d w i d t h  l im i ta t io n s .  T h e  im p r o v e m e n t s  in  im a g e  q u a l i ty  w h ic h  
c a n  b e  o b ta in e d  a r e  d e m o n s t r a t e d  b y  o n e - d im e n s io n a l  p r o f i le s  o f  a  r u b b e r  
p h a n t o m  o b ta in e d  w i t h  a n  e c h o  t im e  o f  o n ly  80 g s .
3 .2  D E G R A D A T I O N  O F  P U L S E  BY  G R A D I E N T S  I N  T H E
G R A D I E N T  E C H O  I M A G I N G  T E C H N I Q U E
T h e  g r a d i e n t  e c h o  m e t h o d  d e v e lo p e d  b y  C o t t r e l l  e t  a l  (1990) h a s  p r o v e d  to  b e  
v e r y  s u c c e s s f u l  f o r  th e  im a g in g  o f  l a r g e r  (10-20  cc) s o l id  s a m p le s  w i t h  s p i n
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s p i n  r e la x a t io n  t im e s  o f  th e  o r d e r  o f  a  f e w  h u n d r e d  m ic r o s e c o n d s .  In  th i s  
m e t h o d  la r g e  o s c i l la t in g  m a g n e t i c  f ie ld  g r a d ie n t s  o f  f r e q u e n c y  x"1 a r e  u s e d  to  
r e f o c u s  th e  m a g n e t i s a t i o n  a t  a  t im e  x f o l lo w in g  a 9 0 °  R F  p u l s e  a p p l i e d  a t  a  
z e r o  c ro s s in g .  T h e  s c h e m a t ic  o f  th e  p u l s e  s e q u e n c e  u s e d  is  in  f ig u r e  1 .17 . T h e  
fu l l  e c h o  is  r e c o r d e d  a n d ,  f o l lo w in g  a  l in e a r i s a t io n  p r o c e d u r e  to  a c c o u n t  fo r  
t h e  t im e  d e p e n d e n c e  o f  th e  g r a d i e n t ,  i t  is  F o u r ie r  t r a n s f o r m e d  to  g iv e  a  o n e ­
d im e n s io n a l  p ro f i le .  T h e  r e s o lu t io n  w h ic h  c a n  b e  o b ta in e d  is  d e t e r m in e d  b y  
th e  a m p l i t u d e  a n d  f r e q u e n c y  o f  th e  o s c i l la t in g  g r a d i e n t .  T h e  p ix e l  r e s o lu t io n  
is
W h e r e  g 0 is  th e  g r a d i e n t  a m p l i t u d e  a n d  y  is  th e  m a g n e to g y r ic  r a t io .
c o n s id e r in g  th e  a c h ie v a b le  r e s o lu t io n  a n d  a s s o c ia te d  f ie ld  o f  v ie w . I t  is  
a s s u m e d  t h a t  a  d e l t a  f u n c t io n  90° p u l s e  is  a p p l i e d  a t  th e  i n s t a n t  th e  g r a d i e n t  
is  z e r o ,  s o  t h a t  th e  p u l s e  is n o t  d e g r a d e d  b y  th e  g r a d ie n t .  H o w e v e r  o n ly  a n  
a p p r o x im a t io n  to  th is  is  p o s s ib le .  F o r  lo n g  T 2 s y s te m s ,  w h e r e  v a lu e s  o f  x m a y  
b e  a  f e w  m s  a n d  th e  g r a d i e n t s  a r e  r e la t iv e ly  w e a k  th e  p r o b le m  is  s m a l l  e n o u g h  
t o  b e  n e g le c te d  a s  th e  e f fe c ts  o n  im a g e  q u a l i t y  a re  n e g l ig ib le .  A s  x is  r e d u c e d  
a n d  th e  g r a d i e n t  s t r e n g t h  is  i n c r e a s e d  h o w e v e r ,  th e  p r o b le m  b e c o m e s  m o r e  
s ig n i f i c a n t  u n t i l  a t  v a lu e s  o f  80  p s  im a g e s  b e c o m e  s ig n i f ic a n t ly  a f fe c te d .
T h e  f in i te  w i d t h  o f  th e  p u l s e  m e a n s  t h a t  i t  is  n e c e s s a r i ly  a p p l i e d  w h i le  th e  
g r a d i e n t  is  o n .  F o r  a  90° p u l s e  o f  l e n g th  t90/ th e  e d g e s  o f  th e  s a m p le  a t  
p o s i t i o n s  ±  L / 2 ,  w h e r e  L  is th e  s a m p le  le n g th ,  e x p e r ie n c e  a  g r a d i e n t  f ie ld  o f  
m a x im u m  m a g n i t u d e
S r  = 71 3.1
2 yg0x
I n  p r a c t ic e  th e r e  is a  f u r th e r  c o n s id e r a t io n  w h ic h  m u s t  b e  b o r n e  in  m in d  w h e n
r \
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w h e r e  i t  is  a s s u m e d  t h a t  th e  c e n t r e  o f  th e  p u l s e  c o in c id e s  w i th  th e  g r a d i e n t  
z e r o  c ro s s in g .  T h e  m a g n i t u d e  o f  th e  r a d io f r e q u e n c y  f ie ld ,  f o r  a  90° p u l s e ,  is
B =   -_ 3 3p 2yt90
T h e  a s s u m p t io n  is  t h a t  Bp» B g. T h is  p la c e s  a  r e s t r i c t io n  o n  th e  n u m b e r  o f  
p ix e ls  N max in  th e  f ie ld  o f  v ie w . R e a r r a n g in g  e q u a t io n s  3.1 to  3 .3  g iv e s
■NT _  LN = _ <
m a x  T v r
2 x
t90sin n t . 3 . 4
F o r  a  p u l s e  l e n g th  o f  10 p s  a n d  a g r a d i e n t  p e r io d  o f  200  p s ,  N max «  2 5 6 , s a y  
64 . R e d u c in g  th e  g r a d i e n t  p e r i o d  to  80  p s  r e d u c e s  N max to  <  42  a n d  s e n s ib le  
s p a t i a l  r e s o lu t io n  is  n o  lo n g e r  p o s s ib le .
M  A P P L I C A T I O N  O F  S T E A D Y  S T A T E  F R E E  P R E C E S S I O N  A N D
R A P I D  A C Q U I S I T I O N  T E C H N I Q U E S  T O  I M A G I N G  
S E Q U E N C E S
T h e r e  is  n o  r e q u i r e m e n t  t h a t  a  fu l l  90° p u l s e  s h o u ld  b e  u s e d  in  a  g r a d i e n t  e c h o  
s e q u e n c e .  T h e  s h o r t e n i n g  o f  th e  p u l s e  le n g th  w o u ld  g o  a  lo n g  w a y  to  
r e m o v in g  th e  p r o b le m  d e s c r ib e d  a b o v e . T h e  n u m b e r  o f  p ix e ls  in  th e  f ie ld  o f  
v ie w  c a n  b e  i n c r e a s e d  s u b s t a n t i a l l y  b y  in c r e a s in g  th e  p u l s e  b a n d w i d t h .  F o r  
a  f ix e d  x, a n d  s m a l l  p u l s e  l e n g th  t p to  x r a t io s ,  th e  in c r e a s e  g o e s  a p p r o x im a te ly  
a s  th e  s q u a r e  o f  th e  p u l s e  w i d t h  r e d u c t i o n  s in c e
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E q u a t io n  3 .5  c a n  b e  u n d e r s t o o d  w h e n  i t  is  r e a l i s e d  th a t ,  f o r  in s ta n c e ,  h a lv in g  
th e  p u l s e  l e n g th  in c r e a s e s  th e  p u l s e  b a n d w i d t h  b y  a f a c to r  o f  tw o  w h i l s t  
s im u l t a n e o u s ly  d e c r e a s in g  th e  r e q u i r e d  b a n d w i d t h  o f  th e  p u l s e  b y  a  f u r t h e r  
f a c to r  o f  tw o  s in c e  th e  g r a d i e n t s  a r e  o n ly  o n  fo r  h a l f  th e  t im e . T h e  p r ic e  w h ic h  
is  p a i d  fo r  t h e  i m p r o v e d  p o s s ib le  r e s o lu t io n  is a s u b s t a n t i a l  lo s s  in  s ig n a l - to -  
n o i s e  r a t i o  s in c e  th e  s ig n a l  a m p l i t u d e  is  p r o p o r t i o n a l  to
T h e  s ig n a l - to - n o is e  c a n  b e  r e c o v e r e d  b y  u s in g  a t r a in  o f  r a p id ly  r e p e a t e d  
p u ls e s .  T h is  i n t r o d u c e s  th e  c o n c e p t  o f  s t e a d y  s t a te  f re e  p r e c e s s io n  (S S F P ). 
C a r r  (1958) w a s  th e  f i r s t  to  n o t ic e  t h a t  th e  s t e a d y  s ta te  m a g n e t i s a t io n  is  
r e t a i n e d  in  a  r e p e t i t iv e  p u l s e  e x p e r im e n t  w h e r e  th e  i n t e r p u l s e  s p a c in g ,  n r  is 
le s s  t h a n  th e  T l a n d  T 2 r e la x a t io n  t im e s . F o r  S S F P  w h e r e  n r  <  T v  T 2 c a lc u la t io n  
o f  th e  e q u i l i b r iu m  v a lu e s  o f  M y f o l lo w in g  e a c h  r f  p u l s e  m u s t  a c c o u n t  fo r  b o th  
T j a n d  T 2 r e la x a t io n  a s  w e l l  a s  th e  p r e c e s s io n  o f  th e  m a g n e t i s a t io n  d u e  to  th e  
R F  p u ls e s .  T h e  p u l s e s  a n d  th e  i n t e r p u l s e  s p a c in g  a re  u s u a l l y  id e n t ic a l ,  a s , 
a l t h o u g h  n o t  s t r ic t ly  n e c e s s a r y ,  i t  is  m a th e m a t ic a l ly  m u c h  e a s ie r .
I n  l i q u id  s y s te m s  th e  m a in  r e a s o n  fo r  th e  im p le m e n ta t i o n  o f  s e q u e n c e s  w h ic h  
u s e  S S F P  is to  in c r e a s e  a c q u is i t io n  s p e e d .  A s id e  f r o m  th e  o b v io u s  a d v a n ta g e s  
s u c h  a s  in c r e a s e d  p a t i e n t  t h r o u g h p u t  s u c h  s e q u e n c e s  a re  e x t r e m e ly  g o o d  fo r  
m e a s u r i n g  f lo w  a n d  r e la x a t io n  t im e  c o n t r a s te d  im a g e s .  In  a  r e p e t i t iv e  p u l s e  
e x p e r im e n t  s ig n a l  a r i s e s  f r o m  b o th  a n  r f  r e f o c u s s e d  e c h o  a n d  a n  S S F P  
r e f o c u s s e d  F ID . S e q u e n c e s  h a v e  b e e n  d e v e lo p e d  w h ic h  u s e  e i th e r  o f  th e s e  
s ig n a l s ,  o r  a  c o m b in a t io n  o f  b o th .  T h e  F A S T  s e q u e n c e ,  G y n g e l l  (1 9 8 8 ) u s e s  
s l ic e  s e le c t io n  r e p h a s i n g  w h ic h  a c ts  o n ly  o n  th e  F ID  g e n e r a t e d  b y  th e  c u r r e n t
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R F  p u l s e ,  a n d  th e  S S P F  e c h o  is  th e r e f o r e  s u p p r e s s e d .  C E -F A S T , G y n g e l l  (1988) 
u s e s  a  r e p h a s i n g  p u l s e  p la c e d  a t  th e  e n d  o f  th e  p r e c e d in g  c y c le  s o  t h a t  th e  
S S P F  e c h o  w i l l  b e  f o c u s e d  b u t  t h e  c u r r e n t  F ID  s u p p r e s s e d .  T h e  F IS P  s e q u e n c e ,  
O p p e t t  e t  a l  (1986) d e f e c ts  b o th  R F  a n d  S S P F  e c h o  s ig n a ls  s im u l ta n e o u s ly .  
F in a l ly  th e  F A D E  s e q u e n c e ,  R e d p a t h  e t  a l (1988) a ls o  a c q u i r e s  b o t h  e c h o e s ,  b u t  
i n d e p e n d e n t l y  s o  g iv in g  th e  a d v a n t a g e  o f  c o n t r a s t  e n h a n c e m e n t  a s  in  C E  
F A S T , w h e r e  th e r e  is  a  d e g r e e  o f  T 2 w e ig h t in g  in  th e  s ig n a l  a m p l i t u d e  o f  th e  
R F  a n d  S S P F  e c h o e s .
T h e  F L A S H  s e q u e n c e  w a s  f i r s t  s u g g e s t e d  b y  H a a s e  e t  a l, (1986) a n d  is a  r a p i d  
a c q u is i t io n  2 D F T  im a g in g  s e q u e n c e s  w h ic h  u s e s  a  r a p i d l y  r e p e a t in g  t r a in  o f  
l o w  a n g le  p u l s e s .  T h e  r e d u c t io n  o f  th e  t ip  a n g le  to  a b o u t  5%  s h o r t e n s  th e  
a c q u i s i t io n  t im e ,  b u t  a t  th e  e x p e n s e  o f  s ig n a l  fo r  l i q u id  s y s te m s ,  w i th  lo n g  T 2's  
th i s  t r a d e - o f f  b e tw e e n  im a g in g  s p e e d  a n d  s ig n a l - to - n o is e  r a t io s  is p o s s ib le .  
F L A S H  d if f e r s  f r o m  th e  o th e r  s t e a d y  s t a t e  s e q u e n c e s  d e s c r ib e d  b y  th e  lo s s  o f  
t r a n s v e r s e  c o h e r e n c e  o f  th e  m a g n e t i s a t io n .  S n a p s h o t  F L A S H , H a a s e  e t  al 
(1990) is  a  h ig h  g r a d i e n t  r a p i d  a c q u is i t io n  v a r i a n t  a n d  in  s p o i l e d  F L A S H , 
F r a h m  e t  a l (1987) s p o i l e r  g r a d i e n t s  a r e  u s e d  to  e n s u r e  c o m p le te  lo s s  o f  
t r a n s v e r s e  m a g n e t i s a t io n .
T h e  c o m m o n  f e a tu r e  o f  a ll t h e  m e th o d s  d e s c r ib e d  is  to  im a g e  lo n g  T 2 s y s te m s  
q u ic k ly .  T h is  c o n t r a s t s  w i th  s h o r t  T 2 a p p l i c a t io n s  o f  m a g n e t i c  r e s o n a n c e  
im a g in g .  H e r e  th e  n e e d  is  to  im p r o v e  b o th  im a g e  r e s o lu t io n  a n d  s ig n a l  to  
n o is e  b y  w h a t e v e r  m e a n s  p o s s ib le .  T h is  is  u s u a l ly  d i f f ic u l t  d u e  to  th e  lo n g e r  
T / s  c o m m o n ly  f o u n d  in  s o l id s  w h ic h  d o  n o t  m a k e  s ig n a l  a v e r a g in g  e a s y  a n d  
th e  s h o r t e r  T 2's  w h ic h  i m p a i r  r e s o lu t io n .
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3. 4 L O N G I T U D I N A L  IN T E R F E R E N C E  I N  REPE TITIVE P U L S E
E X P E R IM E N T S
A  l im i t in g  c a s e  o f  S S F P  is  w h e n  T 2 <  m  <  T v  I n  th i s  s i t u a t io n  th e r e  w i l l  b e  a  
lo s s  o f  t r a n s v e r s e  c o h e r e n c e  o f  th e  m a g n e t i s a t i o n  b e tw e e n  p u l s e s ,  w h i le  
p r e s e r v i n g  th e  l o n g i tu d in a l  c o h e r e n c e  o f  th e  m a g n e t i s a t i o n  in  a  s t e a d y  s t a te  
e q u i l ib r iu m .  G iv e n  th e  s h o r t  T / s  o c c u r r in g  in  s o l id  m a te r i a l s ,  th is  l im i t i n g  
c a s e  w i l l  g o v e r n  th e  m a g n e t i s a t i o n  in  th e  m a jo r i ty  o f  c a s e s  f o r  a  r e p e t i t i v e  
p u l s e  e x p e r im e n t  o n  a  s o l id  s a m p le .
T o  m a x im is e  th e  a c c u m u la t e d  s ig n a l ,  i t  is  n e c e s s a r y  to  u s e  a  f a s t  r e p e t i t i o n  
r a te .  I t  is  a s s u m e d  t h a t  d u r i n g  th e  i n t e r p u l s e  s p a c in g  a l l  th e  t r a n s v e r s e  
m a g n e t i s a t i o n  h a s  d e c a y e d  i r r e v e r s ib ly .  H o w e v e r  th e  r e c o v e r y  o f  th e  
l o n g i t u d i n a l  m a g n e t i s a t i o n  to w a r d s  th e  e q u i l i b r iu m  v a lu e  M 0 is  n o t  c o m p le te d  
d u r i n g  th e  in t e r p u l s e  s p a c in g .  A f te r  a  s m a ll  n u m b e r  o f  p u l s e s  a  d y n a m ic  
e q u i l i b r iu m  v a lu e  o f  t h e  m a g n e t i s a t io n  is  e s ta b l i s h e d .  C o n s id e r  th e  v a lu e  o f  
t h e  Z  m a g n e t i s a t i o n  j u s t  b e f o r e  a  p u l s e  to  b e  M z(0__). N o w  th e  v a lu e s  o f  th e  
Z  m a g n e t i s a t i o n  a t  th e  e n d  o f  n x  w i l l  b e  M z(n x ), E r n s t ,  B o d e n h a u s e n  a n d  
W o k a u n  (1987). T h e s e  a r e  e q u a l  s o  M z(0_) =  M z(nx). T h e  m a g n e t i s a t i o n  ju s t  
a f t e r  a  p u l s e  is
Mz(0J = M z(0_)cos [3 3.7
W h e r e  P is  th e  t ip  a n g le  o f  th e  p u l s e  a s  s e e n  in  f ig  3 .1 . A t  t h e  e n d  o f  a n  
i n t e r p u l s e  s p a c in g  th e  z  m a g n e t i s a t i o n  is
M_ (nx) = M (0 + ) exp ' - n x ' + Mr
(
1 -exp
V
-nx 3 . 8
B u t  i n  e q u i l i b r iu m  w e  h a v e  t h a t  M z(nx) =  M z(0_) g iv in g
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M _  ( 0 _ )  =  M r
1  -  e x p f - n /
T > J
1 -  c o s P  e x p
V
r - n x  )
{— )
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T h e  in i t i a l  a m p l i t u d e  o f  th e  F ID , M x( 0 +) w il l  b e
Mx ( 0  + ) =  Mc
1 -  e x p
.. .
\
- n x
T :
1 -  c o s
V
( n t p e x p - n x2 t^  u 90\ T,v. A J
s m 2 t o n
v J
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w h e r e  (5 =  (Ktp/ 2 t 90). M a x im u m  s ig n a l  a m p l i t u d e  is  n o w  n o  lo n g e r  o b t a in e d  
f o r  a  90° p u l s e ,  b u t  f o r  p t, d e t e r m in e d  b y  th e  r e la t io n
c o s P 0:2.  =  e x p
f  \  
• n x 3 .11
T h e  s ig n a l  a m p l i t u d e  a s  a  f u n c t io n  o f  p u l s e  r o ta t io n  a n g le  is  s h o w n  f o r  v a r io u s  
r a t i o s  o f  n x / T t in  f ig u r e  3 .2  ( r e p r o d u c e d  f r o m  E r n s t ,  B o d e n h a u s e n  a n d  
W o k a u n  1987). I t  is  e a s i ly  s e e n  th a t  fo r  s h o r t e r  in t e r p u l s e  s p a c in g s ,  t h e  
o p t i m u m  p u l s e  t ip  a n g le  d e c re a s e s .
3 .5  E X P E R IM E N T A L  P R O C E D U R E
T h e  n e w  s e q u e n c e  d e v e lo p e d  is i l lu s t r a te d  in  f ig u r e  3 .3 . A  la r g e  a m p l i t u d e  
o s c i l l a t in g  m a g n e t i c  f ie ld  g r a d i e n t  is  f i r s t  e s ta b l i s h e d  a n d  th e n  a  s h o r t  p u l s e  
a p p l i e d  a t  a  g r a d i e n t  n o d e .  T h e  s u b s e q u e n t  g r a d i e n t  e c h o  is  r e c o r d e d .  
F u r t h e r  e c h o e s  c a n  b e  r e c o r d e d  a s  th e  g r a d i e n t  c o n t in u e s  to  o s c i l la te  i f  th e
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s ig n a l  to  n o is e  a n d  T 2 w a r r a n t  i t ,  a s  o r ig in a l ly  s u g g e s t e d  b y  C o t t r e l l  e t  a l, 
e i t h e r  to  in c r e a s e  s ig n a l  to  n o is e  o r  to  c o l le c t  a  s e r ie s  o f  T 2* w e ig h te d  p r o f i le s .  
A f te r  n  g r a d i e n t  c y c le s  a s e c o n d  p u l s e  is  a p p l i e d  a n d  th e  s u b s e q u e n t  e c h o (e s )  
a d d e d  to  t h e  f ir s t .  P u ls e s  c o n t in u e  to  b e  a p p l i e d  a n d  e c h o e s  a c c u m u la t e d  a t  
in t e r v a l s  o f  m  u n t i l  s u f f ic ie n t  e c h o e s  h a v e  b e e n  r e c o r d e d  f o r  a d e q u a te  s ig n a l  
to  n o is e  o r  u n t i l  th e  g r a d i e n t  d u t y  c y c le  d ic ta te s  t h a t  th e  g r a d i e n t s  m u s t  b e  
s w i t c h e d  o ff. I f  th e  c o n d i t io n  T 2 c n x c T j  is  m e t  th e n ,  a s  s h o w n  in  th e  p r e v io u s  
s e c t io n  th e  e c h o  a n d  h e n c e  p r o f i le  in te n s i ty  is n a tu r a l l y  ©  w e ig h te d ,  s in c e  th e  
s ig n a l  i n t e n s i ty  is p r o p o r t i o n a l  to
T h e  N M R  im a g in g  s p e c t r o m e te r  is  b a s e d  o n  a  M a g n e x  s u p e r c o n d u c t i n g  
m a g n e t  w i t h  a c t iv e ly  s h i e ld e d  g r a d i e n t  co ils  a n d  a n  S M IS  s o l id s  im a g in g  
c o n s o le .  S p e c ia l  f e a tu r e s  h a v e  b e e n  c u s to m  b u i l t  to  o p t im is e  th e  s o l id s  
c a p a b i l i ty .  A  s c h e m a t ic  o f  th e  s y s te m  is  s h o w n  in  f ig  3 .4 . T h e  m a g n e t  is  a  
s u p e r c o n d u c t i n g  1 .5 T  2 0 0  m m  h o r iz o n ta l ,  w i th  s h i m m e d  h o m o g e n e i ty  o f  20  
p p m  o v e r  100  m m  a n d  a  f ie ld  s ta b i l i ty  o f  le s s  t h a n  0 .05  p p m / h r .  T h e  a c tu a l  
r u n n i n g  f ie ld  is  c u r r e n t ly  0 .7 0 5  T  w h ic h  c o r r e s p o n d s  to  a  p r o t o n  r e s o n a n t  
f r e q u e n c y  o f  3 0  M H z .
T h e  S M IS  c o m p u te r  g e n e r a te s  th e  g r a d i e n t  w a v e f o r m s ,  c o n t r o ls  th e  s e q u e n c e  
t im in g  w i th  100 n s  r e s o lu t io n  a n d  c o n tr o ls  d a t a  c a p tu r e .  A  P T S  s y n th e s i z e r  
is  u s e d  a s  a  r e f e r e n c e  f r e q u e n c y  fo r  b o th  t r a n s m i t  a n d  re c e iv e . T h e  R F  p u l s e s  
g e n e r a t e d  b y  th e  t r a n s m i t t e r  a re  a m p l i f i e d  b y  a H e a th e r l i t e  40 0  W  a m p l i f i e r
3.12
3 .5 .1 N M R  IM A G IN G  S P E C T R O M E T E R
8 1
Magnet
F I G U R E  3 .4  S C H E M A T I C  O F  T H E  N M R  S Y S T E M
8 2
a n d  e x c i te  th e  s a m p le  in  th e  co il. T h e  r e c e iv e d  N M R  is a m p l i f i e d  b y  th e  p r e ­
a m p ,  w h ic h  is  p r o t e c t e d  f r o m  th e  t r a n s m i t t e r  b y  a  s e t  o f  c r o s s e d  d io d e s .  T h e  
p r e - a m p  w a s  d e s ig n e d  b y  m e m b e r s  o f  th e  p h y s ic s  d e p a r t m e n t  fo r  e x t r a  f a s t  
r e s p o n s e .  T h e  s ig n a l  is  th e n  d e m o d u l a t e d  a n d  q u a d r a t u r e ,  r e a l  a n d  im a g in a r y  
s ig n a l s  a r e  f i l t e r e d  a n d  d ig e s te d  b y  th e  A D C s  in  th e  c o m p u te r .  T h e s e  a r e  
s p e c ia l  h ig h  s p e e d  10 M H z  L o u g h b o r o u g h  b o a r d s  w i th  8 b i t  r e s o lu t io n .  T h e  
d a t a  c o l le c t io n  a n d  F o u r ie r  t r a n s f o r m s  a r e  p e r f o r m e d  b y  th e  S M IS  c o m p u t e r  
w i t h  s o f tw a r e  w r i t t e n  b y  S .R o b e r ts  a n d  o th e r  m e m b e r s  o f  th e  N M R  g r o u p .
3 .5 .2  G R A D IE N T S
T h e  h ig h  s p e e d  a n d  te c h n ic a l  r e q u i r e m e n t s  o f  s o l id  im a g in g  s e q u e n c e s  m a k e  
i t  n e c e s s a r y  to  h a v e  h ig h  p o w e r ,  f a s t  s w i tc h in g  g r a d i e n t  c o ils . T h e s e  a r e  
M a g n e x  a c t iv e ly  s h i e ld e d  g r a d i e n t  c o ils  w h ic h  h a v e  a n  8 0  m m  b o r e .  T h e  
g r a d i e n t s  a r e  p o w e r e d  b y  T e c h r o n  a m p l i f ie r s ,  th e m s e lv e s  p o w e r e d  b y  a  
2 4 0  V  A C  3 p h a s e  t r a n s f o r m e r .  T h e y  h a v e  a 180 a m p  p e a k  D C  o u t p u t  a n d  
a m p l i f y  f r o m  D C  to  50  k H z  w i th  o u t p u t  o f  20 a m p s  / v o l t  c o n t r o l  v o l ta g e .  F o r  
s t a n d a r d  e x p e r im e n t s  o n e  T e c h r o n  fo r  e a c h  o f  th e  x , y , a n d  z  g r a d i e n t  c o ils  is  
u s e d ,  b u t  if  h ig h  r e s o lu t io n  1 -d  e x p e r im e n t  is r e q u i r e d ,  tw o  t e c h r o n s  in  a  
m a s t e r  a n d  s la v e  a r r a n g e m e n t  m a y  b e  u s e d  to  in c r e a s e  th e  g r a d i e n t  c a p a b i l i ty .  
T h e  g r a d i e n t s  a r e  s in u s o id a l ly  d r iv e n  a n d  m u s t  b e  t u n e d  to  r e d u c e  in d u c ta n c e .  
C u r r e n t l y  th e y  m a y  b e  tu n e d  to  e i t h e r  80 p s  o r  216  p s . T h e  m a x i m u m  
a c h ie v a b le  g r a d i e n t  s t r e n g t h  is  121 G e m '1 w h e n  t u n e d  to  2 1 6  p s  a n d  th e  l in e a r  
r e g io n  is  3  c m  in  d ia m e te r .
3 .5 .3  N M R  P R O B E S
T h e  p r o b e s  f o r m  a r e s o n a n t  c i r c u i t  tu n e d  to  30  M H Z  a n d  t r a n s m i t  a n d  r e c e iv e  
th e  N M R  s ig n a l .  I t  c o n s is ts  o f  a  co il w h ic h  s u r r o u n d s  th e  s a m p le  a n d  t r im m e r
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c a p a c i to r s  w h ic h  a l lo w  tu n in g  o f  th e  p r o b e .  T w o  ty p e s  o f  c o il a r e  u s e d  f o r  th e  
N M R  e x p e r im e n ts .  A  25  m m  in te r n a l  d ia m e te r  b i r d c a g e  co il is  u s e d  f o r  
r e p e t i t i v e  p u l s e  im a g in g  e x p e r im e n ts .  F o r  b u lk  m e a s u r e m e n t s  a n d  im a g in g  
s e q u e n c e s  w h ic h  r e q u i r e  v e r y  s h o r t  90° p u l s e s ,  s u c h  a s  m u l t i p u l s e  s e q u e n c e s ,  
a  s o le n o id  c o il  is  u s e d .  T h e  tw o  s o le n o id  c o ils  a r e  m a d e  o f  te f lo n  to  e n s u r e  
t h a t  t h e r e  is  n o  c o n t r ib u t io n  to  th e  s ig n a l  a n d  h a v e  in t e r n a l  d i a m e te r s  o f  8  m m  
a n d  3 0  m m . T h e  90° p u l s e  le n g th  o f  th e  8 m m  d ia m e te r  s o le n o id  c o il  is  
t y p ic a l ly  2-3  p s .
3 .6  R E S U L T S  A N D  D I S C U S S I O N
3 . 6 !  T E S T IN G  O N  R U B B E R  P H A N T O M
T o  te s t  t h e  n e w  s e q u e n c e  a  p h a n t o m  w a s  m a d e  u p  w h ic h  c o n s i s t e d  o f  
a l t e r n a t i n g  r u b b e r  a n d  te f lo n  s l ic e s  a s  s h o w n  in  f ig  3 .5 . F ig u r e  3 .6  a) s h o w s  
a  o n e - d im e n s io n a l  p r o f i le  o f  th is  p h a n t o m  r e c o r d e d  u s in g  t h e  b i r d c a g e  c o il 
w i t h  x = 80  jus a n d  g 0= 2 7  G e m '1 o b ta in e d  u s in g  th e  s t a n d a r d  g r a d i e n t  e c h o  
t e c h n iq u e .  T h e  90° p u l s e  l e n g th  is  15 jus a n d  th e  p r o f i le  is  a  r e s u l t  o f  tw o  
a v e r a g e s .  F a i lu r e  to  m e e t  th e  p u l s e  b a n d w i d t h  r e q u i r e m e n t  s t a t e d  in  e q u a t io n
3 .4  a c ro s s  th e  e n t i r e  p h a n t o m  r e s u l t s  in  s e r io u s  r o u n d i n g  a r t i f a c t s  a n d  a  lo s s  
o f  r e s o lu t io n  a t  th e  e n d s  o f  th e  p h a n to m .
F ig u r e  3 .6  b ) is  a  o n e - d im e n s io n a l  p r o f i le  o f  th e  s a m e  p h a n t o m  u s i n g  a  lo w  
f l ip  a n g le  p u ls e .  T h e  g r a d i e n t  a m p l i t u d e  a n d  f r e q u e n c y  a r e  t h e  s a m e  b u t  th e  
p u l s e  l e n g th  is  o n ly  2 |us, e q u iv a l e n t  to  12°. A g a in  o n ly  2 a v e r a g e s  a r e  
r e c o r d e d  a n d  th e  i m p r o v e m e n t  to  th e  p r o f i le  is  a p p r e c ia b le .  F ig u r e  3 .6  c) is  
a  o n e  d im e n s io n a l  p r o f i l e  id e n t ic a l  to  3 .6  b ) e x c e p t  t h a t  i t  is  th e  r e s u l t  o f  
a v e r a g in g  4 0 0  e c h o e s  in  1 .6  s e c o n d s .  T h e  p u l s e  g a p  u s e d  f o r  f ig u r e  3 .6  c) is  
4 m s  o r  5 0  g r a d i e n t  c y c le s , w h ic h  is  o f  th e  o r d e r  o f  3 T 2* fo r  a  s a m p le  th i s  l a r g e
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in  o u r  m a g n e t .  In  b o th  b ) a n d  c) th e  s u b s t a n t i a l l y  im p r o v e d  r e s o lu t io n  
t o w a r d s  th e  e n d s  o f  th e  s a m p le  is c le a r ly  e v i d e n t  T h e  a d d i t i o n a l  a d v a n t a g e  
o f  th e  p r o f i le  in  c) is th e  th e o r e t ic a l  s ig n a l  to  n o is e  im p r o v e m e n t .  F o r  s m a l l  
r a t i o s  o f  x to  T „  th is  is  2 0 0 Vj s in  (12°):1  w h ic h  is  a p p r o x im a te ly  3 :1 . T h is  
i m p r o v e m e n t  is p o s s ib le  u s in g  th e  r e p e t i t iv e  p u l s e  s e q u e n c e  in  th e  s a m e  
e x p e r im e n ta l  t im e  ta k e n  fo r  th e  s t a n d a r d  g r a d i e n t  e c h o  s e q u e n c e  to  r e c o r d  th e  
p r o f i l e  s h o w n  in  a).
-TEFLON 1 m m  
RUBBER 1 m m
F IG U R E  3 .5  R U B B E R  S L IC E  A N D  T E F L O N  P H A N T O M
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T w o  d im e n s io n a l  im a g e s  c a n  b e  o b ta in e d  b y  b a c k  p r o je c t io n  r e c o n s t r u c t io n  o f  
p r o f i le s ,  a n d  f ig u r e  3 .7  s h o w s  a 1 2 0 x 1 2 0  n o n  s l ic e  s e le c te d  im a g e  o f  th e  s a m e  
p h a n t o m  u s in g  th e  r e p e t i t iv e  p u l s e  s e q u e n c e  w i t h  th e  s a m e  p a r a m e t e r s  a s  
a b o v e .  T h e  im a g e  w a s  a c q u i r e d  in  le s s  t h a n  3 m in u te s ,  b u t  m o s t  o f  th i s  t im e  
w a s  d e la y s  b e tw e e n  p r o f i le s  d u e  to  th e  lo w  g r a d i e n t  d u t y  cy c le .
F IG U R E  3 .7  A  2 -D . 12 0  X 1 2 0  N O N  S L IC E  S E L E C T E D  I M A G E  O F  6
R U B B E R  S L IC E S  U S I N G  N E W  S E Q U E N C E  W IT H  
B A C K P R Q T E C T IO N  R E C O N S T R U C T I O N
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3.7 C O N C L U S IO N
T h e  n e e d  f o r  a  lo w  f l ip  a n g le ,  r e p e t i t iv e  p u l s e  v a r i a n t  o f  b r o a d l in e  g r a d i e n t  
e c h o ,  a n a lo g o u s  to  F L A S H  h a s  b e e n  e s t a b l i s h e d  a n d  a  m e t h o d  o f  a c h ie v in g  
i t  h a s  b e e n  d e m o n s t r a t e d .  T h e  im p le m e n ta t io n  o f  th i s  s e q u e n c e  h a s  a  tw o f o ld  
a d v a n t a g e  fo r  b r o a d l in e  im a g in g .  T h e  lo s s  o f  r e s o lu t io n  a n d  r o u n d i n g  o f  th e  
im a g e  e d g e s  h a s  b e e n  a l le v ia te d  a n d  th e  im a g in g  s p e e d  h a s  b e e n  s ig n i f ic a n t ly  
im p r o v e d .  T h is  a l lo w s  a  3:1 im p r o v e m e n t  in  th e  s ig n a l  to  n o is e  r a t i o  in  a  
f r a c t io n  o f  th e  t im e  i t  w o u l d  n o r m a l ly  t a k e  to  o b ta in  s u c h  d a ta .  T h e  m e t h o d  
s e e m s  p a r t i c u l a r ly  s u i t a b le  to  th e  s t u d y  o f  s h o r t  T 2 b o u n d  f lu id  c o m p o n e n t s  
in  p o r o u s  m e d ia ,  e s p e c ia l ly  w h e r e  th e  s a m p le  is  r e l a t iv e ly  la r g e .  T h e  l a t t e r  
c o n d i t io n  r e la te s  to  th e  d i f f ic u l ty  o f  o b t a in in g  h a r d  9 0 °  p u l s e s  in  la r g e  R F  c o ils  
w i t h o u t  e x c e s s iv e  R F  p o w e r .  In  a d d i t i o n  to  th e  u s e  o f  th is  t e c h n iq u e  in  th e  
s t u d y  o f  C a s e  II d i f f u s io n  in  th e  a c e to n e  a n d  P V C  s y s t e m  i t  is  b e in g  a p p l i e d  
t o  th e  s t u d y  o f  c o n n a te  w a te r  in  r o c k  c o re s ,  A t ta r d  e t  a l (1994).
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CHAPTER 4
C H A R A C T E R I S A T I O N  E X P E R I M E N T S  O N  T H E  P V C  
A N D  A C E T O N E  S Y S T E M
4 !  I N T R O D U C T I O N
I n  c h a p te r  2  C a s e  II  d i f f u s io n  w a s  i n t r o d u c e d  a s  a n  a n o m a lo u s  d i f f u s io n  
p h e n o m e n o n  g e n e r a l ly  a s s o c ia te d  w i th  th e  p e n e t r a t i o n  o f  o r g a n ic  s o lv e n ts  in to  
a m o r p h o u s  g la s s y  p o ly m e r s .  P o ly ( v in y lc h lo r id e )  P V C  is  r e c o g n i s e d  a s  b e in g  
o n  th e  b o r d e r l i n e  b e tw e e n  a m o r p h o u s  a n d  c r y s ta l l in e  b e h a v io u r ,  y e t  a ls o  
s h o w s  a n o m a lo u s  d i f f u s io n  b e h a v io u r  w i t h  o r g a n ic  s o lv e n t s ,  s u c h  a s  a c e to n e ,  
K w e i  e t  a l  (1972).
T h is  c h a p te r  d e s c r ib e s  t h e  p r e l im in a r y  c h a r a c te r i s a t io n  e x p e r im e n t s  in to  th e  
d i f f u s io n  b e h a v i o u r  e x h ib i t e d  w h e n  a c e to n e  p e n e t r a t e s  P V C . C o n c e n t r a t io n  
p r o f i l e s  r e c o r d e d  u s i n g  N M R  im a g in g  h a v e  b e e n  s t u d i e d  f o r  b o t h  c y l in d r ic a l  
a n d  r e c t a n g u la r  g e o m e t r ie s .
O t h e r  b a c k g r o u n d  e x p e r im e n ts  w e r e  p e r f o r m e d  to  a i d  in  th e  c h a r a c te r i s a t io n  
o f  t h e  s y s te m  p r i o r  to  a  m o r e  d e t a i l e d  s tu d y .  T h e s e  i n c l u d e d  D if f e r e n t ia l  
S c a n n in g  C a lo r im e t r y  (D S C ) to  d e t e r m in e  th e  g la s s  t r a n s i t i o n  t e m p e r a t u r e  o f  
th e  P V C  a n d  s o lu b i l i ty  te s ts .  B u lk  T 2 r e la x a t io n  t im e  a n a ly s i s  o f  th e  s a m p le s  
w a s  p a r t i c u l a r ly  i m p o r t a n t  f o r  th e  o p t im i s a t io n  o f  t h e  im a g in g  s e q u e n c e s  a n d  
to  g iv e  i n f o r m a t io n  a b o u t  th e  m o b i l i ty  o f  th e  p o ly m e r  o n c e  p e n e t r a t e d  b y  th e  
a c e to n e .  F in a l ly  g r a v im e t r i c  a n a ly s is  w a s  u s e d  a s  a n  a d d i t i o n a l  e x p e r im e n ta l  
t e c h n iq u e  to  d e t e r m in e  th e  d i f f u s io n  b e h a v i o u r  p r e s e n t  in  th e  s y s te m .
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4.2 E X PE R IM E N T A L  D E T A IL S
T h e  P V C  u s e d  is  m a n u f a c t u r e d  b y  S im o n a  U K  L td  a n d  d i s t r i b u t e d  b y  
A q u a r i u s  P la s t ic s  L td .  I t  is  a v a i la b le  in  r ig id  s o l id  f o r m  a s  c y l in d r ic a l  o r  
r e c t a n g u l a r  r o d s  ty p ic a l ly  2 m  in  le n g th .  C y l in d r ic a l  r o d s  w i th  d i a m e te r s  f r o m  
6 m m  to  2 0  m m  w e r e  u s e d  a n d  f o r  th e  r e c ta n g u la r  g e o m e t r y  e x p e r im e n t s  r o d s  
o f  25  m m  s q u a r e  w e r e  u s e d .  T h e  P V C  is  a v a i la b le  in  a  r a n g e  o f  c o lo u r s  s o  th e  
p r e s e n c e  o f  d y e s  a n d  o th e r  a d d i t iv e s  is  in e v i ta b le ,  h o w e v e r  th e  g r e y  r o d  is  th e  
p u r e s t  c o m m e r c ia l ly  a v a i la b le  r ig id  fo rm .
P V C  is  a  b o r d e r l i n e  p o ly m e r  b e tw e e n  a m o r p h o u s  a n d  c r y s ta l l in e  w i t h  
c r y s ta l l in i ty  v a lu e s  r a n g i n g  b e tw e e n  5%  a n d  30%  d e p e n d i n g  o n  m a n u f a c tu r e .  
T h e  P V C  u s e d  is  n o t  c r o s s l in k e d ,  h a s  a  g la s s  t r a n s i t i o n  t e m p e r a t u r e  o f  
a p p r o x im a te ly  7 3 °C  a n d  a  d e n s i ty  o f  1 .42  g e m '3. E x a c t  d e ta i l s  o f  m a n u f a c t u r e  
a r e  u n a v a i l a b le ,  b u t  th e  P V C  a p p e a r s  to  h a v e  a  h o m o g e n e o u s  s t r u c tu r e ,  
a l t h o u g h  d u e  to  e x t r u s io n  p r o c e s s e s  u s e d  in  m a n u f a c tu r e ,  h a s  s o m e  d e g r e e  o f  
a n i s o t r o p y .
A c e to n e ,  b o t h  o r d i n a r y  a n d  in  d e u t e r a t e d  f o r m  w a s  o b ta in e d  f r o m  th e  A ld r i c h  
C h e m ic a l  C o . T h e  o r d i n a r y  a c e to n e  is  9 9 .5  % p u r e ,  h a s  a  d e n s i ty  o f  0 .791  a n d  
a  b o i l in g  p o i n t  o f  5 6 °C . T h e  a c e to n e - d 6 h a s  a  m i n i m u m  is o to p ic  p u r i t y  o f  
9 9 .9 6 % , a  d e n s i ty  o f  0 .8 7 2  a n d  a b o i l in g  p o i n t  o f  5 5 .5 °C . F ig u r e  4.1 a ) s h o w s  
th e  c h e m ic a l  c o m p o s i t io n  o f  a c e to n e ,  a n d  b )  s h o w s  th e  P V C . In  c) a  p o s s ib le  
s t r u c t u r e  f o r  th e  P V C  is  in d ic a te d .  T h e  b u lk y  c h lo r in e  a to m s  a r e  a b o v e  a n d  
b e l o w  th e  z ig  z a g  p l a n a r  c a r b o n  c h a in ,  h o w e v e r  th e  e x a c t  t a c t ic i ty  o f  th e  P V C  
is  n o t  k n o w n .  I t  m a y  b e  s y n d io ta c t ic ,  w i th  th e  c h lo r in e  a to m s  a l t e r n a t e ly  
a b o v e  a n d  b e lo w  th e  c h a in ,  is o ta c t ic ,  w i t h  th e  c h lo r in e s  a ll o n  o n e  s id e  o f  th e  
c h a in  o r  a ta c t ic  w h ic h  is  a  c o m p le te ly  r a n d o m  a r r a n g e m e n t .
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F IG U R E  4.1 a ) C H E M I C A L  C O M P O S I T I O N  O F  A C F .T O N F .
b ) C H E M I C A L  C O M P O S I T I O N  O F  P V r
c) P O S S IB L E  S T R U C T U R E  F O R  P V C
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4 .2 ! EXPOSURE TO  SO LV EN TS
T h e  s a m p le s  w e r e  e x p o s e d  to  th e  a c e to n e  v a p o u r  in  c o n ic a l  f la s k s  w h ic h  
f o r m e d  c o n s t a n t  v a p o u r  a c t iv i ty  c h a m b e r s ,  a l lo w in g  c o n tr o l  o f  b o th  s a m p le  
p r e p a r a t i o n  t e m p e r a t u r e  a n d  e q u i l i b r iu m  s o lv e n t  c o n c e n t r a t io n .  F o r  th e  
m a jo r i ty  o f  e x p e r im e n t s  th e  s a m p le s  w e r e  e x p o s e d  to  v a p o u r  a b o v e  a  r e s e r v o i r  
o f  l i q u id  a c e to n e .  F o r  e x p e r im e n t s  to  d e t e r m in e  e x p o s u r e  t e m p e r a t u r e  
d e p e n d e n c e  th e  f la s k s  w e r e  im m e r s e d  in  a  t e m p e r a tu r e  c o n t r o l l e d  w a t e r  b a th ,  
a c c u r a te  to  ±  2 .CPC, th a t  w a s  f i t te d  w i th  a  s t i r r e r  to  e n s u r e  u n i f o r m i ty  o f  
t e m p e r a t u r e .  A  s c h e m a t ic  o f  th e  p r e p a r a t i o n  c h a m b e r  is  s h o w n  in  f ig u r e  4 .2 .
F I G U R E  4 .2  S C H E M A T I C  R E P R E S E N T A T IO N  O F  A  P R E P A R A T I O N
C H A M B E R
92
I n  o r d e r  to  m in im is e  th e  t im e  r e q u i r e d  fo r  r e - e s t a b l i s h m e n t  o f  e q u i l i b r iu m  
v a p o u r  c o n c e n t r a t io n  f o l lo w in g  r e m o v a l  o r  in s e r t io n  o f  a  s a m p le ,  th e  v o lu m e  
o f  t h e  f la s k  w a s  r e d u c e d  u s in g  c le a n  g r a v e l .  T h is  w a s  e s p e c ia l ly  i m p o r t a n t  in  
g r a v im e t r i c  a n a ly s i s  e x p e r im e n ts .  T h e  f la s k s  s t o p p e r  w a s  f i t t e d  w i t h  a  o n e  tw o  
v a lv e  f i l le d  w i t h  a c e to n e  w h ic h  m a i n t a i n e d  a tm o s p h e r i c  p r e s s u r e  in  th e  
c h a m b e r .  T h e  u s e  o f  th e  c o n ic a l  f la s k  e n s u r e d  t h a t  a n y  v a p o u r  c o n d e n s a t io n  
d r i p s  d o w n  th e  s id e s  o f  th e  f la s k  to  th e  g r a v e l ,  h e n c e  r e m o v in g  th e  p r o b le m  
o f  l iq u id  d r i p p i n g  o n  to  th e  s a m p le s .  T h e  u s e  o f  d e u t e r a t e d  a c e to n e  in  th e  
e x p e r im e n t s  l e d  to  a  s m a l l  a l t e r a t io n  to  th e  p r e p a r a t i o n  p r o c e d u r e .  T h e  
d e u t e r a t e d  a c e to n e  r e q u i r e d  th e  u s e  o f  a  s t o p p e r  to  c o m p le te ly  s e a l  th e  
e x p o s u r e  c h a m b e r  f r o m  th e  a tm o s p h e r e  to  m in im is e  e x c h a n g e  p r o c e s s e s .
4 .2 .2  E X P O S U R E  T O  R E D U C E D  V A P O U R  A C T IV IT IE S
T h e  c o n c e p t  o f  a c t iv i ty  w a s  i n t r o d u c e d  to  p o l y m e r  s c ie n c e  a s  a  w a y  o f  
q u a n t i f y in g  th e  'a m o u n t  o f  v a p o u r ' s u r r o u n d i n g  a  s a m p le .  I t  is  p r im a r i l y  
a p p l i c a b le  to  v a p o u r  g e n e r a t e d  b y  s o l v e n t  a n d  p o l y m e r  m ix tu r e s .
L a s k e y  e t  a l (1 9 8 8 a) h a v e  u s e d  th e  F lo r y - H u g g in s  t h e o r y  fo r  s o l v e n t / p o l y m e r  
m ix tu r e s  a n d  q u o t e d  a n  e x p r e s s io n  fo r  th e  a c t iv i ty  o f  th e  v a p o u r  in  t e r m s  o f  
<|>, th e  v o lu m e  r a t io  o f  th e  p e n e t r a n t ,  F lo r y  (1953)
a = (J> exp(l-(j)) exp [%x (l-fj))2] 4 !
W h e r e  is  th e  p o l y m e r / s o l v e n t  i n te r a c t io n  p a r a m e te r .  I t  h a s  b e e n  a s s u m e d  
t h a t  Xi is  o f  o r d e r  z e r o  o r  v e r y  s m a l l  f o r  m a n y  p o l y m e r / p e n e t r a n t  s y s te m s ,  
G u g g e n h e im  (1 9 6 6 ), th e r e b y  r e d u c i n g  e q u a t io n  4 .1  to
a = (j) exp (1 —cj)) 4 .2
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E q u a t io n  4 .2  is  w id e ly  a c c e p te d  a n d  w a s  a d o p t e d  to  q u a n t i f y  th e  a c t iv i ty  o f  
t h e  v a p o u r  in  a ll r e d u c e d  a c t iv i ty  e x p o s u r e  e x p e r im e n t s  u n d e r t a k e n ,  h o w e v e r  
i t  s h o u l d  b e  n o t e d  t h a t  fo r  a c e to n e  a n d  P V C  th e  a s s u m p t io n  t h a t  is  
n e g l ig ib le  c a n n o t  b e  v a l id a t e d  s in c e  n o  d o c u m e n te d  v a lu e s  f o r  i t  c a n  b e  f o u n d .
4 .2 .3  S A M P L E  P R E P A R A T IO N
A l th o u g h  th e  e x p o s u r e  to  s o lv e n ts  ta k e s  p la c e  in  th e  s a m e  t y p e  o f  c h a m b e r  fo r  
a l l  th e  s a m p le s  a n d  e x p e r im e n t s ,  th e  e x a c t  s a m p le  s iz e s  a n d  o th e r  p r e p a r a t i o n  
p r o c e d u r e s  v a r y  d e p e n d i n g  o n  th e  e x p e r im e n t  a n d  te c h n iq u e  u s e d .  F o r  
e x a m p le ,  N M R  i m a g in g  e x p e r im e n t s  a n d  io n  b e a m  N R A  p r o f i l in g  e x p e r im e n ts  
r e q u i r e  s p e c if ic  a n d  d i f f e r e n t  s a m p le  s iz e s  a n d  p r o c e d u r e s .  T h e s e  w i l l  
th e r e f o r e  b e  d i s c u s s e d  i n d i v id u a l ly  w i th  e a c h  e x p e r im e n ta l  s e c t io n  in  t h e  n e x t  
th r e e  c h a p te r s .
4 3  R E L A X A T IO N  T I M E  E X P E R IM E N T S .
T h e  s p in  s p in  (T 2) a n d  s p in  la t t ic e  (T ,) r e l a x a t io n  t im e s  a re  k e y  p a r a m e t e r s  in  
t h e  s t u d y  o f  s y s te m s  w h ic h  c o n ta in s  b o th  m o b ile  a n d  r ig id  c o m p o n e n t s .  A  
k n o w le d g e  o f  r e la x a t io n  t im e s  is  r e q u i r e d  fo r  th e  o p t im i s a t io n  o f  th e  N M R  
im a g in g  s e q u e n c e s .  S in c e  th e  r e p e t i t io n  t im e s  in  im a g in g  s e q u e n c e s  a r e  
u s u a l l y  o f  th e  o r d e r  o f  s e v e r a l  T t to  e n s u r e  c o m p le te  r e - e s t a b l i s h m e n t  o f  th e  
e q u i l i b r iu m  o f  th e  l o n g i tu d in a l  m a g n e t i s a t io n ,  T 2 b e c o m e s  th e  m o r e  i m p o r t a n t  
p a r a m e t e r  w h e n  u s in g  g r a d i e n t  e c h o  t e c h n iq u e s .  T h e  T 2 v a lu e s  p r e s e n t  in  
s a m p le s  a f f e c t  th e  c h o ic e  o f  e c h o  t im e , w h ic h  m u s t  b e  s h o r t  e n o u g h  to  e n s u r e  
t h a t  a ll  th e  r e q u i r e d  c o m p o n e n t s  a r e  p r e s e n t  in  th e  s ig n a l .  F u r t h e r  s ig n i f ic a n c e  
o f  T2 is  to  g iv e  v e r y  u s e f u l  i n f o r m a t io n  r e g a r d i n g  th e  m o b i l i ty  o f  th e  
c o m p o n e n t s  w i t h i n  th e  s y s te m , a n d  s h o w  c h a n g e s  in  m o b i l i ty  f r o m  s o f te n in g
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o r  b re a k in g  o f chains ov er a p e rio d  of tim e.
T h r e e  T 2 c o m p o n e n t s  w i th  v a lu e s  r a n g in g  o v e r  a t  l e a s t  th r e e  o r d e r s  o f  
m a g n i t u d e  a r e  e s t im a te d  to  b e  p r e s e n t  in  th e  P V C  a n d  a c e to n e  s y s te m . 
H o w e v e r ,  s u c h  is  th e  c o m p le x i ty  o f  a  p o ly m e r  a n d  p e n e t r a n t  s y s te m  t h a t  t h e  
a s s ig n m e n t  o f  o n ly  th r e e  v a lu e s  o f  T 2 r e la x a t io n  t im e s  m a y  b e  a n  
u n d e r e s t im a t io n .  A s  th e  s o lv e n t  p e n e t r a t e s  th e  p o ly m e r ,  th e  c h a in s  b e c o m e  
d i s e n t a n g l e d ,  a r e  a b le  to  m o v e  m o r e  f r e e ly  a n d  h e n c e  e x h ib i t  a  l o n g e r  T 2. I t  
is  p o s s ib le  t h a t  th e  p o ly m e r  c h a in s ,  o r  th e  s o lv e n t  r e s t r i c t e d  w i th in  t h e m  h a v e  
a  r a n g e  o f  r e l a x a t io n  t im e s . I n d e e d ,  i t  is  m o s t  l ik e ly  t h a t  th e r e  a r e  c o n t in u o u s  
d i s t r i b u t i o n s  c e n t r e d  o n  th r e e  v a lu e s .  T h is  e n a b le s  th e  u s e  o f  th r e e  c o m p o n e n t  
e x p o n e n t i a l  f i t t in g  r o u t in e s  in  th e  a n a ly s i s  o f  C P M G  e x p e r im e n ta l  r e s u l t s  o f  
m e a s u r e m e n t s  o f  T 2 v a lu e s .  T h e  T 2 v a lu e s  o f  s a m p le s  u s e d  in  th e  im a g in g  
e x p e r im e n t s  w e r e  m e a s u r e d  a n d  w il l  b e  d i s c u s s e d  in  t h e  f o l lo w in g  tw o  
c h a p te r s .
4 .4  I N I T I A L  T W O  D I M E N S I O N A L  I M A G I N G  E X P E R IM E N T S
U S I N G  G R A D I E N T  E C H O  A N D  S A M P L E S  W I T H  
C Y L IN D R IC A L  G E O M E T R Y
S a m p le s  c u t  f r o m  15 m m  d ia m e te r  c y l in d r ic a l  P V C  r o d  w e r e  e x p o s e d  to  
a c e to n e  v a p o u r  a b o v e  a  l iq u id  r e s e r v o i r  to  a l lo w  r a d i a l  p e n e t r a t io n .  
I m m e d ia t e ly  p r i o r  to  im a g in g  th e  e n d s  o f  s a m p le s  t h a t  w e r e  in i t i a l ly  5 0  m m  
in  l e n g th  w e r e  c u t  a w a y  to  e n s u r e  t h a t  e n d  e f fe c ts  d i d  n o t  d i s t o r t  th e  im a g e s .  
T h is  e n s u r e d  th a t  o n ly  r a d ia l  p e n e t r a t i o n  w a s  o b s e r v e d .  I n s p e c t io n  o f  a n  F ID  
g a v e  th e  T 2* r e la x a t io n  t im e s  p r e s e n t ,  w h ic h  fo r  s o l id  o r  r u b b e r y  m a te r i a l s  
g iv e s  a  f a i r ly  g o o d  f i r s t  a p p r o x im a t io n  to  T 2. T h e  F ID  in d i c a t e d  3 c o m p o n e n t s  
t o  b e  p r e s e n t  a s  s h o w n  in  th e  s c h e m a t ic  F ID  r e p r e s e n ta t i o n  in  f ig u r e  4 .3 .
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F I G U R E  4 .3  S C H E M A T I C  R E P R E S E N T A T IO N  O F  A N  F ID
W h e n  a c e to n e  p e n e t r a t e s  th e  r ig id  P V C  i t  b e c o m e s  s o f t  a n d  r u b b e r y  w i th  a  
c le a r  b o u n d a r y  b e tw e e n  th e  p e n e t r a t e d  a n d  u n p e n e t r a t e d  r e g io n s .  T h e  
a s s ig n m e n t  o f  th e  3 c o m p o n e n t s  w i t h  a p p r o x im a te  v a lu e s  o f  1 0 -2 0  p s , 
a p p r o x im a te ly  4 0 0  p s  a n d  s e v e r a l  m s  w a s  th e r e f o r e  to  r ig id  u n p e n e t r a t e d  P V C , 
r u b b e r y  P V C , a n d  a b s o r b e d  m o b i le  a c e to n e .  T h is  a p p r o x i m a t i o n  o f  T 2 is 
r e q u i r e d  in  o r d e r  to  o p t im i s e  th e  c h o ic e  o f  t  in  th e  im a g in g  s e q u e n c e s .  A  
g r a d i e n t  e c h o  im a g in g  s e q u e n c e  w i th  a 180° r e f o c u s s in g  p u l s e  a s  d e s c r ib e d  in  
c h a p t e r  1 w a s  u s e d  w i t h  a  s o le n o id  c o il a n d  o s c i l la t in g  g r a d i e n t s  in  t h e  x  a n d  
y  d i r e c t io n s  to  g iv e  a  tw o  d im e n s io n a l  im a g e  o f  th e  c r o s s  s e c t io n  o f  th e  
s a m p le .  S in c e  th e  r e f o c u s s in g  p u l s e  w a s  u s e d  th e  e c h o  t im e  w a s  2x , w h e r e  t  
is  th e  p e r i o d  o f  th e  g r a d i e n t  s in e .  F o r  th e  f o l lo w in g  e x p e r im e n t s  t w a s  2 4 0  p s , 
th e  90° a n d  180° p u l s e  l e n g th s  w e r e  18 p s  a n d  36 p s ,  a n d  th e  g r a d i e n t  s t r e n g t h  
w a s  17  G e m '1. T h e  im a g e s  w e r e  th e  r e s u l t  o f  10 a v e r a g e s  a n d  a ll  e x p e r im e n t s  
w e r e  p e r f o r m e d  a t  r o o m  t e m p e r a tu r e .  A  s e r ie s  o f  im a g e s  w e r e  r e c o r d e d  f r o m  
s a m p le s  e x p o s e d  fo r  v a r io u s  t im e s  a t  r o o m  te m p e r a tu r e  a n d  ty p ic a l  r e s u l t s  a re  
i n  f ig u r e  4 .4 . T h e  th r e e  im a g e s  s h o w n  w e r e  e x p o s e d  fo r  16 , 8 0  a n d  9 6  h o u r s
96
UUUJ
- LO
LO
- in
ini
<
U
Pi
o
2
_}
>
U
UJUJ
2
O
H
<iV
H
cu
2
cu
Cl
UJ
2
g
cu
CJ
<
Cl
o
1/5
LU
O
<
CNI
u
2CL
D
O
C LC/5
uCL
H
2
<Pi
O
G
2
IT;
D
C/5
<
CO
U
>
in
ini
+
CU
P i
2)
g
CL
in mi
UJLU
97
a n d  a r e  in  th e  f o r m  o f  c o n to u r  p lo ts .  T h e  im a g e s  w e r e  f o r m e d  f r o m  s ig n a l  
f r o m  b o th  th e  a c e to n e  a n d  th e  r u b b e r y  P V C . T h e  s h a r p  p e n e t r a n t  f r o n t  is  
c le a r ly  s e e n  a lo n g  w i t h  th e  in c r e a s e d  p e n e t r a t i o n  w i t h  t im e . S a m p le  s w e l l in g  
o f  th e  o r d e r  o f  20  % is  a ls o  v is ib le .
I m a g e s  f o r m e d  f r o m  o n ly  th e  r u b b e r y  P V C  s ig n a l  a r e  o b t a in e d  if d e u t e r a t e d  
a c e to n e  is  u s e d .  D e u te r iu m  is  n o t  d e t e c t e d  a t  th e  3 0 M H z  p r o to n  f r e q u e n c y  
u s e d ,  h e n c e  c o n d i t io n s  w i th in  th e  s a m p le  a r e  id e n t ic a l  y e t  th e  s o lv e n t  s ig n a l  
is  n o t  s e e n  a t  a ll. A  s e r ie s  o f  im a g e s  w e r e  r e c o r d e d  u s in g  th e  s a m e  N M R  
p a r a m e t e r s  a s  p r e v io u s ly  f o r  s a m p le s  e x p o s e d  to  a c e to n e - d 6 f o r  v a r io u s  t im e s .  
F ig u r e  4 .5  s h o w s  th e  r e s u l t s  o f  e x p o s u r e  fo r  24 , 4 8 , 96 a n d  120 h o u r s ,  th e  
r e d u c e d  s ig n a l  to  n o is e  r e f le c t in g  th e  r e d u c t io n  in  th e  a m o u n t  o f  s ig n a l  
d e te c te d .  O n c e  a g a in  th e  s h a r p  p e n e t r a n t  f r o n t  is  v is ib le ,  a lo n g  w i t h  a  l in e a r  
f r o n t  a d v a n c e  w i t h  t im e ,  l e a d in g  to  a v a lu e  o f  th e  v e lo c i ty  o f  0 .046  m m h r" 1. 
T h e s e  e x p e r im e n t s  e s ta b l i s h  th e  p r e s e n c e  o f  C a s e  II b e h a v i o u r  in  th e  P V C  a n d  
a c e to n e  s y s te m .
Q u a n t i t a t i v e  i n f o r m a t io n  f r o m  im a g in g  e x p e r im e n t s  is m o r e  s e n s ib ly  o b t a in e d  
f r o m  o n e  d im e n s io n a l  p r o f i le s .  A  r e c o n s t r u c t io n  p r o g r a m  w a s  d e v e lo p e d  
w h i c h  a v e r a g e d  a ll r a d i i  r o u n d  th e  c i r c u m f e r e n c e  o f  th e  im a g e  to  g iv e  a  o n e ­
d im e n s io n a l  p r o f i le  a c r o s s  th e  d ia m e te r .  F ig u r e  4 .6  s h o w s  a  o n e  d im e n s io n a l  
p r o f i l e  a c ro s s  th e  im a g e  o f  th e  s a m p le  e x p o s e d  f o r  96  h o u r s  f r o m  f ig u r e  4 .5 . 
H e r e  a g a in  th e  s h a r p  b o u n d a r y  b e tw e e n  th e  p e n e t r a t e d  a n d  u n p e n e t r a t e d  
r e g io n s  is  s e e n  c le a r ly ,  h o w e v e r  th e  r e s o lu t io n  u s in g  th is  t e c h n iq u e  is  n o t  
s u f f ic ie n t  to  a l lo w  a n y  d e t a i l e d  q u a n t i t a t i v e  a n a ly s is ,  e x c e p t  to  s a y  t h a t  th e  
f r o n t  v e lo c i ty  is  o f  th e  o r d e r  o f  0 .046  m m h r '1.
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F I G U R E  4 .6  1 -D  P R O F IL E  O F  P E U T E R A T E D  A C E T O N E  P E N E T R A T I O N  IN
C Y L I N D R I C A L  P V C  S A M P L E  U S I N G  G R A D I E N T  E C H O
4 3  T E S T S  O N  D IF F E R E N T  C O L O U R E D  P V C
I n  a d d i t i o n  to  th e  g r e y  P V C  u s e d  in  th e  e x p e r im e n t s  to  d a te ,  S im o n a  U K  
m a n u f a c t u r e  r e d  a n d  b la c k  P V C . T h e s e  o b v io u s ly  h a v e  d i f f e r e n t  a d d i t i v e s  a n d  
c o lo r a n t s ,  b u t  a ll  a r e  e x t r u d e d  in  th e  s a m e  w a y .  T h e  e x a c t  c h e m ic a l  
c o m p o s i t io n  w a s  n o t  a v a i la b le  f r o m  th e  m a n u f a c tu r e r s .  T r u ly  p u r e  P V C  is  
w h i te .  T h e  e f fe c ts  o f  m a n u f a c t u r i n g  a d d i t i v e s  o n  th e  d i f f u s io n  c h a r a c te r i s t ic s  
o f  th e  P V C  w a s  t e s t e d  b y  c o m p a r i s o n  o f  s a m p l e s  o f  th e  t h r e e  c o lo u r s  a v a i la b le .  
T h e  im a g in g  e x p e r im e n t s  d e s c r ib e d  in  s e c t io n  4 .4  w e r e  p e r f o r m e d  o n  th e  r e d  
a n d  b la c k  P V C . T h e  r e s u l t s  s h o w e d  t h a t  C a s e  II b e h a v i o u r  w a s  p r e s e n t  in  a ll 
th r e e  s a m p le s  w h e n  e x p o s e d  to  a c e to n e  v a p o u r .  A  f u r t h e r  te s t  w a s  p e r f o r m e d  
to  m o n i to r  th e  b e h a v i o u r  o f  th e  s a m p le s  o n  p r o l o n g e d  e x p o s u r e  to  a c e to n e  
l i q u id .  T h e  e f f e c t  o f  l i q u i d  a c e to n e  o n  s a m p l e s  o f  e a c h  c o lo u r  s h o w e d  t h a t  t h e  
g r e y  P V C  b e c a m e  s o f t  a n d  r u b b e r y ,  b u t  d i d  n o t  d i s s o lv e ,  w h e r e a s  t h e  r e d  a n d  
b la c k  P V C  d i s s o lv e d  c o m p le te ly  in  th e  l i q u i d  a f te r  2 0  h o u r s ,  th e  r e d  d i s s o lv in g  
m o r e  q u ic k ly  t h a n  th e  b la c k .
1 0 0
T h e  c o n c lu s io n s  d r a w n  f r o m  th e s e  te s ts  w e r e  t h a t  m a n u f a c t u r i n g  a d d i t i v e s  
h a v e  q u i t e  a  s u b s t a n t i a l  e f fe c t  o n  th e  b e h a v i o u r  o f  P V C  w h e n  in  c o n ta c t  w i t h  
a c e to n e .  I t  w a s  t h o u g h t  t h a t  th e  d i s s o lu t io n  o f  th e  r e d  a n d  b la c k  P V C  w a s  d u e  
t o  th e  p r e s e n c e  o f  m o r e  a d d i t i v e s ,  w h ic h  h a v e  a  p la s t i c i s in g  e f fe c t,  t h a n  w e r e  
p r e s e n t  in  th e  g r e y  P V C . T h is  a p p e a r s  to  c o n f i r m  th e  m a n u f a c t u r e r 's  
i n f o r m a t io n  t h a t  th e  g r e y  P V C  is th e  p u r e s t  c o m m e r c ia l ly  a v a i la b le  s o l id  P V C .
4 .6  G R A V I M E T R I C  A N A L Y S IS
T h e  w e i g h t  g a in  c h a r a c te r i s t ic s  o f  a  s o l id  s a m p le  e x p o s e d  to  a  v a p o u r  o r  l i q u id  
m a y  b e  u s e d  to  g iv e  a n  i n s ig h t  in to  th e  t y p e  o f  d i f f u s io n  b e h a v i o u r  p r e s e n t .  
S u c h  c h a r a c te r i s t ic s  a s  a  f u n c t io n  o f  t im e  fo r  u n id i r e c t i o n a l  p l a n a r  d i f f u s io n  a r e  
g i v e n  b y
W (t)  -  t  C a s e  II
W (t)  tVz F ic k ia n
W h e r e  W (t)  is  th e  w e ig h t  a t  t im e  t. S u c h  g r a v im e t r i c  a n a ly s i s  h a s  l o n g  b e e n
u s e d  to  s t u d y  d i f f u s io n ,  a n d  w a s  o n e  o f  th e  e x p e r im e n ta l  m e t h o d s  u s e d  b y
T h o m a s  a n d  W in d le  (1 9 7 8 , 1981) a n d  o th e r  g r o u p s  r e s e a r c h in g  r e la x a t io n  
c o n t r o l l e d  d i f f u s io n  b e h a v io u r ,  A lf r e y  (1965) a n d  H o p f e n b u r g  e t  a l (1969). 
W i th  th i s  m e t h o d  th e  v e lo c i ty  o f  th e  f r o n t  o r  th e  e q u i l i b r iu m  c o n c e n t r a t io n  o f  
p e n e t r a n t  a c r o s s  th e  s w o l le n  r e g io n  m a y  b e  m o n i to r e d .  H o w e v e r  la c k  o f  
s e n s i t i v i t y  h a s  p r e v e n t e d  c e r ta in  c h a r a c te r i s t ic s  o f  C a s e  II b e h a v i o u r  f r o m  
b e i n g  s t u d i e d ,  s u c h  a s  th e  F ic k ia n  p r e c u r s o r  a n d  th e  i n d u c t i o n  p e r io d .  I t  
r e m a i n s  a n  e x c e l le n t  t e c h n iq u e ,  h o w e v e r ,  f o r  in v e s t ig a t io n s  o f  l a r g e  s a m p le s  
w h i c h  m a y  t a k e  s e v e r a l  w e e k s  to  b e c o m e  f u l ly  m a s s  e q u i l i b r a t e d .  T h e r e  h a s  
b e e n  n o  s t u d y  o f  C a s e  II  d i f f u s io n  in  s a m p le s  o v e r  3  m m  in  th ic k n e s s  o r  in  
c y l in d r ic a l  g e o m e t r y .
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T h e  s a m p le s  u s e d  in  th e s e  e x p e r im e n ts  w e r e  c u t  f r o m  15 m m  d ia m e te r  r o d  
a n d  w e r e  ty p ic a l ly  4 0  m m  in  le n g th .  A  s e r ie s  o f  e x p e r im e n t s  w e r e  p e r f o r m e d  
in  th e  t e m p e r a t u r e  r a n g e  5 °C  to  5 0 °C  w i th  s a m p le s  e x p o s e d  to  v a p o u r  a s  
d e s c r ib e d  in  s e c t io n  4 .2 .1 . T h e  o b je c t iv e s  o f  th e s e  e x p e r im e n t s  w e r e  to  c o n f i r m  
th e  p r e s e n c e  o f  C a s e  II b e h a v io u r  o v e r  a  r a n g e  o f  a b o u t  7 -8  m m  in  a  
c y l in d r ic a l  s a m p le ,  a n d  in v e s t ig a te  th e  t e m p e r a tu r e  d e p e n d e n c e  o f  th e  f r o n t  
v e lo c i ty  a n d  th e  e q u i l ib r iu m  c o n c e n t r a t io n  o f  th e  p e n e t r a n t .
M e a s u r e m e n t s  o f  w e ig h t  w e r e  r e c o r d e d  in i t ia l ly  e v e r y  12 h o u r s  fo r  th e  f i r s t  
f e w  d a y s ,  th e n  a t  v a r y in g  t im e  in te r v a l s  u n t i l  m a s s  e q u i l ib r a t io n .  T h e  r e s u l t s  
w e r e  in  th e  f o r m  o f  p e r c e n ta g e  w e ig h t  g a in  a g a in s t  t im e  c u r v e s .  F o r  a  s a m p le  
w i t h  r e c t a n g u la r  g e o m e t r y  s u f f ic ie n t ly  la r g e  t h a t  th e  c o r n e r s  c a n  b e  ig n o r e d ,  
s u c h  a  g r a p h  w i l l  y ie ld  a  s t r a ig h t  l in e  f o r  C a s e  II  b e h a v io u r .  T h e  u s e  o f  
c y l in d r ic a l  s a m p le s  w i th  r a d i i  c o m p a r a b le  to  th e  d i f f u s io n  d i s t a n c e  i n t r o d u c e s  
c u r v a t u r e  in to  th e  w e ig h t  g a in  c h a r a c te r is t ic s .  F ig u r e  4 .7  s h o w s  ty p ic a l  r e s u l t s  
f o r  th r e e  t e m p e r a tu r e s ,  4 5 °C  (c irc le s ) , 2 5 °C  ( t r ia n g le s )  a n d  9 °C  ( s q u a re s ) .  
T h e s e  s h o w  th a t  C a s e  II  b e h a v io u r  w a s  p r e s e n t  a t  a ll  t e m p e r a tu r e s  a n d  t h a t  
t h e  d i f f u s io n  r e m a in e d  C a s e  II o v e r  th e  e n t i r e  s a m p le  u n t i l  m a s s  e q u i l i b r a t i o n  
w a s  r e a c h e d .  A  ty p ic a l  v a lu e  fo r  th e  v o lu m e  in c r e a s e  w a s  60  ±  5%  a n d  f o r  th e  
m a s s  in c r e a s e  w a s  35  ±  5% . T h e  t im e  ta k e n  fo r  m a s s  e q u i l ib r a t io n  to  o c c u r  
w a s  d e p e n d e n t  o n  s a m p le  s iz e  a n d  t e m p e r a tu r e  a n d  fo r  th e  s a m p le s  in  th is  
e x p e r im e n t  i t  to o k  a p p r o x im a te ly  140 h o u r s  a t  5 0 °C  a n d  a p p r o x im a te ly  50 0  
h o u r s  a t  5 °C . T h is  re f le c ts  th e  fa c t  t h a t  th e  v e lo c i ty  o f  th e  f r o n t  is  s t r o n g ly  
e x p o s u r e  t e m p e r a tu r e  d e p e n d e n t ,  h o w e v e r  t h e  e q u i l i b r iu m  p e n e t r a n t  
c o n c e n t r a t io n  w a s  f o u n d  to  b e  i n d e p e n d e n t  o f  t e m p e r a tu r e .  T h e  l e n g th  o f  t im e  
r e q u i r e d  to  e s t a b l i s h  e q u i l i b r iu m  v a p o u r  p r e s s u r e  a n d  th e  d e p e n d e n c e  o f  th is  
t im e  o n  th e  f re e  v o lu m e  in  th e  f la s k  r e q u i r e d  c a re fu l  m a in t e n a n c e  o f  id e n t i c a l  
c o n d i t io n s  in  a ll th e  c h a m b e r s  u s e d  fo r  th e  p r e p a r a t i o n  o f  s a m p le s .
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F IG U R E  4 .7 P E R C E N T A G E  W E I G H T  G A I N  A G A I N S T  T IM E  F O R  
A C E T O N E  P E N E T R A T I O N  I N  P V C  S A M P L E S  F O R  9 ° C  
(S Q U A R E S ) , 2 5 ° C  (T R IA N G L E S )  A N D  4 5 ° C  (C IR C L E S )
F IG U R E  4.8 D S C  T H E R M O G R A M  O F  R IG ID  P V C  S A M P L E
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4 .7 D IF F E R E N T IA L  S C A N N I N G  C A L O R IM E T R Y  E X P E R IM E N T S
D if f e r e n t ia l  S c a n n in g  C a lo r im e t r y  (D S C ) e x p e r im e n t s  a s  d e s c r ib e d  in  c h a p te r  
2  w e r e  p e r f o r m e d  a t  th e  C a v e n d i s h  L a b o r a to r y ,  U n iv e r s i t y  o f  C a m b r id g e  o n  
a  P e r k in  E lm e r  D S C -7  m a c h in e  c a p a b le  o f  m e a s u r i n g  b o th  a b o v e  a n d  b e lo w  
0 °C . T h e  o b je c t iv e s  w e r e  to  d e t e r m in e  th e  g la s s  t r a n s i t i o n  t e m p e r a t u r e  T g o f  
t h e  P V C  u s e d  a n d  th e  e f fe c t  o f  v a r io u s  c o n c e n t r a t io n s  o f  a c e to n e  o n  T„. T h eo
t h e r m o g r a m  fo r  r ig id  P V C  is  s h o w n  in  f ig u r e  4 .8 , g iv in g  a  v a lu e  o f  T g o f  7 4 °C  
w i t h  a  s c a n n in g  r a te  o f  1 0 ° C m in '1.
T h e  T g v a lu e s  o f  a  s e t  o f  s a m p le s  w i t h  v a r io u s  a c e to n e  c o n c e n t r a t io n s  w e r e  
m e a s u r e d ,  a n d  th e  r e s u l t s  a r e  s h o w n  g r a p h ic a l ly  in  f ig u r e  4 .9 . F r o m  th i s  i t  
w a s  c o n c lu d e d  th a t  a ll  d i f f u s io n  b e h a v i o u r  to  b e  s t u d i e d  in  th e  e x p o s u r e  
t e m p e r a t u r e  r a n g e  5 °C  to  5 0 °C  w o u ld  ta k e  p la c e  w h e r e  th e  e x p o s e d  P V C  w a s  
a b o v e  th e  g la s s  t r a n s i t io n  t e m p e r a tu r e .
T h e  p r e s e n c e  o f  c r y s ta l l in e  r e g io n s  in  p r e d o m i n a n t l y  a m o r p h o u s  p o ly m e r s  is 
w e l l  k n o w n ,  H a l l  (1 9 8 9 ), th e  c r y s ta l l in i ty  g e n e r a l ly  d e p e n d i n g  o n  th e  
m a n u f a c t u r i n g  p r o c e s s .  D o c u m e n te d  v a lu e s  fo r  P V C , m e a s u r e d  u s i n g  lo w  
a n g le  s c a t t e r in g  te c h n iq u e s  v a r y  f ro m  0%  to  2 0 % , W a ls h  e t  a l  (1981). R e s u l t s  
f r o m  D S C  e x p e r im e n ts  c o n s is te n t ly  s h o w e d  th e  p r e s e n c e  o f  a  s m a l l  a m o u n t  o f  
c r y s ta l l in i ty  in  th e  P V C  s t r u c tu r e  b y  th e  r e la x a t io n  p e a k  s e e n  in  th e  
th e r m o g r a m s  o f  lo w  a c e to n e  c o n c e n t r a t io n  s a m p le s ,  f ig u r e  4 .1 0 .
4 .8  D I S C U S S I O N
T h e  in i t ia l  tw o  d im e n s io n a l  im a g in g  e x p e r im e n ts  r e v e a l e d  th e  p r e s e n c e  o f  C a s e  
I I  d i f f u s io n  in  th e  P V C  a n d  a c e to n e  s y s te m . T h is  w a s  v a l i d a t e d  b y  m u l t i p l e  
p u l s e  N M R  im a g in g  e x p e r im e n ts  o n  s a m p le s  w i th  r e c t a n g u l a r  g e o m e t r y  a n d
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G lass transition tem p era tu re  (C)
F IG U R E  4 .9  V A P 1 A T T O N  O F  T H E  G L A S S  T R A N S I T I O N
T E M P E R A T U R E  O F  P V C  W I T H  P E R C E N T A G E  
A C E T O N E  C O N C E N T R A T I O N  (B Y  W E I G H T ) .
A T T R IB U T E D  T O  A  C R Y S T A L L IN E  F R A C T IO N  
I A C E T O N E  F R A C T I O N  =  10  %)
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F IG U R E  4 .1 0  D S C  T H E R M O G R A M  S H O W IN G  A  R E L A X A T I O N  P E A K
g r a v im e t r i c  a n a ly s i s  o n  s a m p le s  w i th  c y l in d r ic a l  g e o m e t r y .  T h e  d i f f u s io n  
c h a r a c te r i s t ic s  w e r e  f o u n d  to  b e  i n d e p e n d e n t  o f  s a m p le  g e o m e t r y .  T h e  
g r a v im e t r i c  a n a ly s i s  p r o v e d  th a t  th e  C a s e  II f r o n t  v e lo c i ty  is  e x p o s u r e  
t e m p e r a t u r e  d e p e n d e n t  w h i le  th e  e q u i l i b r iu m  c o n c e n t r a t io n  o f  th e  a c e to n e  is  
i n d e p e n d e n t  o f  e x p o s u r e  t e m p e r a tu r e .  I t  a ls o  s h o w e d  t h a t  t h e  d i f f u s io n  
b e h a v i o u r  r e m a in s  C a s e  II o v e r  a  r a n g e  o f  7-8  m m .
T h e  e f fe c ts  o f  d i f f e r e n t  a d d i t i v e s  in  th e  P V C  w e r e  t e s t e d ,  a n d  a l t h o u g h  
e x p o s u r e  to  v a p o u r  p r o d u c e d  th e  s a m e  d i f f u s io n  b e h a v i o u r  in  r e d ,  b la c k  a n d  
g r e y  s a m p le s ,  w h e n  e x p o s e d  to  l iq u id  a c e to n e  th e  r e d  a n d  b la c k  s a m p le s  
d i s s o lv e d  c o m p le te ly  w h i le  th e  g r e y  r e m a i n e d  s o l id  b u t  r u b b e r y .  D if f e r e n t ia l  
S c a n n in g  C a lo r im e t r y  w a s  u s e d  to  d e t e r m in e  th e  g la s s  t r a n s i t i o n  t e m p e r a t u r e  
o f  th e  P V C  a n d  th e  e f fe c ts  o f  v a r io u s  a c e to n e  c o n c e n t r a t io n s .  F r o m  th e s e  
e x p e r im e n t s  i t  w a s  c o n c lu d e d  th a t  in  th e  t e m p e r a t u r e  r a n g e  5 °C  to  5 0 °C  a ll 
d i f f u s io n  e x p e r im e n ts  w e r e  e f f e c t iv e ly  a b o v e  th e  g la s s  t r a n s i t i o n  t e m p e r a tu r e .
1 0 6
CHAPTER 5
C A S E  I I  D I F F U S I O N  P R O F I L E S  I N  T H E  P V C  A N D  
A C E T O N E  S Y S T E M
R 1  O N E  D I M E N S I O N A L  N M R  I M A G I N G  E X P E R IM E N T S
U S I N G  T H E  R E P E T IT IV E  P U L S E  V A R I A N T  O F  B R O A D L I N E  
G R A D I E N T  E C H O .
F o l lo w in g  th e  c o n f i r m a t io n  o f  C a s e  II  b e h a v io u r  in  th e  P V C  a n d  a c e to n e  
s y s t e m  a n  i m p r o v e m e n t  to  th e  e x is t in g  g r a d i e n t  e c h o  i m a g in g  te c h n iq u e  w a s  
r e q u i r e d  to  s t u d y  p r o f i le  s h a p e s  in  m o r e  d e ta i l .  T h e  d e v e l o p m e n t  o f  th e  
r e p e t i t i v e  p u l s e  v a r i a n t  o f  b r o a d l in e  g r a d i e n t  e c h o  im a g in g  h a s  b e e n  c o v e r e d  
in  c h a p te r  3. I n  th is  c h a p te r  i ts  u s e  to  s t u d y  d i f f u s io n  o f  a c e to n e  in to  P V C  is 
r e p o r t e d .
5 .2 E X P E R IM E N T A L  D E T A IL S
S a m p le  b lo c k s  o f  25  m m  x  25  m m  x  50  m m  w e r e  e x p o s e d  to  a c e to n e  v a p o u r  
a b o v e  a  l i q u id  a c e to n e  r e s e r v o i r  a s  d e s c r ib e d  in  c h a p te r  4 . A f te r  e x p o s u r e  f iv e  
s id e s  w e r e  c u t  a w a y  to  l e a v e  o n e  p e n e t r a t e d  fa c e  r e m a i n i n g  a n d  s a m p le s  o f  
a p p r o x im a te ly  15 m m  x  15 m m  x  15 m m . T h e  s a m p le s  w e r e  th e n  im m e r s e d  
i n  l i q u i d  n i t r o g e n  to  f r e e z e  t h e  d i f f u s io n  p r o f i le s  a n d  a l lo w  a  c o m p le te  s e t  o f  
s a m p le s  to  b e  m a d e  u p  p r i o r  to  im a g in g .  T h is  e n s u r e d  a ll im a g in g  
e x p e r im e n t s  w e r e  p e r f o r m e d  to g e th e r ,  h e n c e  m in im is in g  e r r o r s  d u e  to  c h a n g e s  
i n  e q u i p m e n t  g a in  a n d  d r i f t .  I t  w a s  i m p o r t a n t  in  th e  o n e  d im e n s io n a l  im a g in g  
e x p e r im e n t s  t h a t  th e  e d g e  o f  th e  s a m p le  w a s  f la t  a n d  e x a c t ly  o r th o g o n a l  to  th e  
d i r e c t i o n  o f  th e  g r a d i e n t .  T h is  w a s  a c h ie v e d  b y  u s in g  a  c y l in d r ic a l  te f lo n
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s p a c e r  w h ic h  f i t t e d  e x a c t ly  w i th in  th e  b i r d c a g e  c o i l 's  i n t e r io r  d i a m e t e r  o f  
2 5  m m . T h e  s a m p le  w a s  a t t a c h e d  to  o n e  o f  th e  s p a c e r 's  f l a t  e n d s  w i t h  P T F E  
ta p e .  A  r u b b e r  s lic e  o f  0 .25 m m  th ic k n e s s  w a s  p l a c e d  a t  th e  o th e r  e n d  g iv in g  
a  n o r m a l i s a t i o n  s ig n a l  u s e d  to  c o r r e c t  a n y  s ig n i f ic a n t  e q u i p m e n t  d r i f t  o r  g a in  
e r r o r ,  f ig u r e  5 .1 . In  a d d i t i o n  a ll th e  p r o f i le s  w e r e  n o r m a l i s e d  to  u n i t  s a m p le  
c r o s s  s e c t io n  to  r e m o v e  v a r i a t io n s  d u e  to  s a m p le  c u t t in g .
U n le s s  s t a t e d  o th e r w i s e  a ll im a g in g  e x p e r im e n ts  d i s c u s s e d  in  th i s  c h a p te r  w e r e  
p e r f o r m e d  u s in g  th e  r e p e t i t i v e  p u l s e  im a g in g  s e q u e n c e  d e s c r ib e d  in  c h a p te r  
3  w i t h  th e  f o l lo w in g  N M R  p a r a m e te r s .  P ro f i le s  w e r e  r e c o r d e d  w i t h  1000  
a v e r a g e s ,  u s in g  a  t r a i n  o f  2 (is p u l s e s ,  c o r r e s p o n d in g  to  a  1 2 °  t ip  a n g le .  T h e  
g r a d i e n t s  w e r e  t u n e d  to  216 p s  w i th  19 g r a d i e n t  c y c le s  b e tw e e n  p u l s e s .  T h e  
g r a d i e n t  w a s  in  th e  Z  d i r e c t io n  w i th  a  s t r e n g th  o f  30%  o f  th e  m a x im u m .  
A s s u m in g  l in e a r  b e h a v io u r ,  th is  c o r r e s p o n d s  to  3 6  G e m '1 p e a k  v a lu e .  T h e  
r e s o lu t io n  p e r  p ix e l  f o r  th e  p r o f i le s  is g iv e n  b y
8r = — ”   5.1
2 tG 0t
W h e r e  y  = 4 2  M H z T 1 a n d  x =  216  p m  a n d  G 0 = 36  G e m '1. S u b s t i t u t i n g  th e s e  
v a lu e s  g iv e s  a  v a lu e  f o r  th e  r e s o lu t io n  o f  4 .8  xlO"4 m  p e r  p ix e l ,  o r  0 .48  m m  p e r  
p ix e l .  H o w e v e r  th e  p r o g r a m  u s e s  z e r o  f i l l in g  a n d  s o  th is  v a lu e  is  d o u b l e  th e  
a c tu a l  v a lu e  o f  r e s o lu t io n  fo r  th i s  e x p e r im e n t .  C o n s e q u e n t ly  th e  r e s o lu t io n  p e r  
p ix e l  fo r  a ll  p r o f i le s  u s in g  th is  t e c h n iq u e  is  0 .24  m m .
5 .3  T I M E  V A R I A T I O N
S a m p le s  p r e p a r e d  a s  p r e v io u s ly  d e s c r ib e d  w e r e  u s e d  to  t e s t  th e  l in e a r i ty  o f  th e  
C a s e  II  f r o n t  k in e t ic s .  F ig u r e  5 .2  s h o w s  th e  p r o f i le s  o b t a in e d  f r o m  s a m p le s
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F IG U R E  5.1 P V C  S A M P L E  A N D  T E F L O N  S P A C E R
FIG U R E 5.2
distance (mm)
1 -D  P R O F IL E S  A F T E R  E X P O S U R E  T O  A C E T O N E  V A P O U R  
F O R  12 H O U R S  (O P E N  C IR C L E S ) . 24  H O U R S  (S O L ID  
C IR C L E S ). 48  H O U R S  (T R IA N G L E S )  A N D  96 H O U R S
(S Q U A R E S )
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e x p o s e d  fo r  12  h o u r s  ( o p e n  c irc le s ) ,  2 4  h o u r s  ( s o l id  c irc le s ) ,  4 8  h o u r s  ( t r ia n g le s )  
a n d  96  h o u r s  ( s q u a re s ) .  T h e  l in e s  c o n n e c t in g  d a t a  p o in t s  a r e  a d d e d  f o r  e a s e  
o f  v ie w in g .  T h e  p r o f i le s  a r e  m a d e  u p  o f  s ig n a l  f r o m  th e  a b s o r b e d  a c e to n e  a n d  
t h e  s w o l le n  P V C  o n ly ,  a s  th e  r i g id  P V C  h a s  to o  s h o r t  a  T 2 to  c o n t r ib u te  a n y  
s ig n a l  u s in g  th i s  s e q u e n c e .  T h e  a c e to n e  h a s  b e e n  p e n e t r a t i n g  f r o m  th e  le f t  
w i t h  th e  e d g e  o f  th e  s a m p le  a t  0 m m  o n  th e  d i s t a n c e  s c a le . T h e  p r o f i le s  
c le a r ly  s h o w  a  s h a r p  f r o n t  a d v a n c in g  l in e a r ly  w i th  t im e . T h e  s h a p e  o f  th e  
p r o f i l e  in  th e  s w o l le n ,  p e n e t r a t e d  r e g io n  b e h i n d  th e  f r o n t  d i d  n o t  c o n f o r m  to  
t h a t  e x p e c te d  f r o m  C a s e  I I  d i f f u s io n ,  T h o m a s  a n d  W in d le  (1 9 7 8 , 1982). T h e  
e x p e c te d  s h a p e  h a s  a  n e g l ig ib le ,  o r  a t  b e s t  v e r y  s m a l l ,  c o n c e n t r a t io n  g r a d i e n t  
a c r o s s  th e  s w o l le n  r e g io n .  T h e s e  p r o f i le s  s h o w  a  la r g e  s lo p e  b e h i n d  th e  f ro n t .
T h e  w i d t h  a t  h a l f  p e a k  h e i g h t  w a s  u s e d  a s  a n  e s t im a t io n  o f  th e  d i s t a n c e  th e  
f r o n t  h a s  t r a v e l l e d  d u r i n g  th e  s a m p le  e x p o s u r e  tim e . H o w e v e r ,  a s  th e  
r e s o lu t io n  f u n c t io n  is  e x p e c te d  to  b e  c o n s t a n t  a c r o s s  th e  im a g e ,  th is  d o e s  n o t  
a f f e c t  a  m e a s u r e  o f  th e  v e lo c i ty .  T h e  c o r r e s p o n d in g  d i s ta n c e  t im e  g r a p h  h a s  
b e e n  p l o t t e d  to  g iv e  a  v a lu e  o f  th e  c h a r a c te r i s t ic  c o n s t a n t  v e lo c i ty  f o r  C a s e  II 
d i f f u s io n  a t  2 5 °C , f ig u r e  5 .3 . T h e  v e lo c i ty  is  0 .042  m m h r '1, in  g o o d  a g r e e m e n t  
w i t h  t h e  v a lu e  o b t a i n e d  u s in g  th e  s t a n d a r d  g r a d i e n t  e c h o  t e c h n iq u e  d e s c r ib e d  
in  t h e  p r e v io u s  c h a p te r .  T h e  n o n  z e r o  o f f s e t  in  th e  d i s ta n c e  t im e  p lo t  w a s  
a t t r i b u t e d  to  p r o f i le  b r o a d e n in g .
5 A  T E M P E R A T U R E  V A R I A T I O N
A  s e t  o f  s a m p le s  w a s  e x p o s e d  to  a c e to n e  v a p o u r  in  c o n ic a l  f la s k s  h e l d  in  a 
c o n t r o l l e d  t e m p e r a t u r e  w a te r  b a th  f o r  23  h o u r s .  T h e  e x p o s u r e  t e m p e r a tu r e s  
w e r e  i n  th e  r a n g e  2 0 °C  to  5 0 °C . F o l lo w in g  e x p o s u r e  a n d  p r e p a r a t i o n  fo r  
i m a g in g  th e  s a m p le s  w e r e  im m e r s e d  in  l iq u id  n i t r o g e n  to  f r e e z e  th e  p r o f i le s ,
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F IG U R E  5 .3 D IS T A N C E  T IM E  P L O T  F O R  T H E  S A M P L E S  R E P R E S E N T E D  IN  
F IG U R E  5 .2
FIG U R E  5.4
D i s t a n c e  ( m m )
1 -D  P R O F IL E S  A F T E R  E X P O S U R E  T O  A C E T O N E  V A P O U R  A T  
2 0 °C  (T R IA N G L E S ). 2 5 °C  ( O P E N  C IR C L E S ). 3 5 ° C  (S O L IL D  
C IR C L E S ), 4 0 ° (S O L ID  S Q U A R E S ), 4 5 ° C  (O P E N  S Q U A R E S ) 
A N D  5 0 ° C  (C R O S S E S )
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h o w e v e r  a ll  e x p e r im e n t s  w e r e  c a r r i e d  o u t  a t  r o o m  te m p e r a tu r e .  A ll N M R  
im a g in g  p a r a m e t e r s  w e r e  a s  s t a t e d  in  5 .2 , a n d  a ll  r e s u l t i n g  p r o f i le s  n o r m a l i s e d .  
A  s e t  o f  p r o f i le s  fo r  t e m p e r a tu r e s  in  th e  r a n g e  o f  2 0 °C  to  5 0 °C  is s h o w n  in  
f ig u r e  5 .4 . T h e  p r o f i le s  s h e w n  a r e  f o r  2 0 °C  ( t r ia n g le s ) ,  2 5 °C  ( o p e n  c irc le s ) , 
3 5 °C  (s o l id  c ir c le s ) ,  4 0 °C  ( s o l id  s q u a r e s ) ,  4 5 °C  ( o p e n  s q u a r e s )  a n d  5 0 °C  
(c ro s s e s ) . T h e  c o n n e c t in g  l in e s  a r e  a d d d e d  fo r  e a s e  o f  v i e w in g  a n d  o n ly  e v e r y  
o t h e r  p o i n t  is  m a r k e d .  T h e  v a lu e s  o f  m a g n e t i s a t i o n  o f  th e  p r o f i le  p e a k s  w e r e  
t e m p e r a t u r e  d e p e n d e n t  a n d  p o s s ib le  e x p la n a t io n s  f o r  th is  in c lu d e  a  
t e m p e r a t u r e  d e p e n d e n c e  in  th e  e q u i l ib r iu m  c o n c e n t r a t io n  o f  p e n e t r a n t .  
H o w e v e r  g r a v im e t r i c  a n a ly s i s  in d ic a te s  t h a t  th is  is  n o t  th e  c a s e . A n  a l t e r n a t iv e  
e x p la n a t io n  is  v a r i a t i o n  in  th e  m o b i l i ty  o f  th e  p e n e t r a n t / r u b b e r y  p h a s e  
r e s u l t i n g  f r o m  e x p o s u r e  a t  h ig h e r  t e m p e r a tu r e s  a n d  th e r e f o r e  c h a n g e s  in  
r e la x a t io n  b e h a v io u r .  A  s t u d y  o f  th e  s p i n  s p in  r e la x a t io n  t im e s  o f  th e  s a m p le s  
a id s  id e n t i f i c a t io n  o f  th e  c a u s e  o f  th e  t e m p e r a tu r e  d e p e n d e n c e  o f  th e  
m a g n e t i s a t i o n  v a lu e s  o f  th e  p r o f i le  p e a k s .
5 .4 .1  S P IN -S P IN  R E L A X A T IO N  T IM E  M E A S U R E M E N T S
T h e  T 2 v a lu e s  o f  e a c h  o f  th e  s a m p le s  u s e d  in  t h e  im a g in g  e x p e r im e n ts  w a s  
m e a s u r e d  u s in g  a  C P M G  s e q u e n c e .  T h e  p a r t i c u l a r  s e q u e n c e  u s e d  w a s  
9 0 xx (1 8 0 y-x -e c h o -x )n w i t h  a  b a s e l in e  a c q u is i t io n  a f te r  90  180° p u ls e s .  T h e  
b i r d c a g e  c o il w a s  u s e d  w i th  a 90° p u l s e  le n g th  o f  11 p s . F o r  e a c h  s a m p le  100 
a v e r a g e s  w e r e  r e c o r d e d  fo r  4  p u l s e  g a p s ,  120 p s ,  240 p s ,  4 0 0  p s  a n d  8 0 0  p s . 
T h e  u s e  o f  f o u r  p u l s e  g a p s  is  to  e n s u r e  t h a t  b o th  v e r y  lo n g  a n d  v e r y  s h o r t  
c o m p o n e n t s  a r e  d e te c te d ,  a n d  to  h ig h l i g h t  a n y  d i f f u s io n  e f fe c ts  t h a t  m i g h t  b e  
p r e s e n t .  T o  a c c o u n t  f o r  th e  e f fe c ts  o f  s ig n a l  f r o m  th e  c a v i ty  a  s e t  o f  d a t a  w a s  
c o l le c te d  f r o m  th e  e m p t y  c a v i ty  a n d  s u b t r a c t e d  f r o m  a ll  th e  d a ta  s e ts  o f  th e  
s a m p le s .  E x p o n e n t ia l  f i t t in g  r o u t in e s  w e r e  a p p l i e d  to  th e  120 p s  a n d  80 0  p s  
d a t a  s e ts  to  f in d  th e  b e s t  f i ts  w h i le  e n s u r i n g  b o th  s h o r t  a n d  lo n g  c o m p o n e n t s  
w o u l d  b e  c o n s id e r e d .  B e s t f i ts  to  th e  d a t a  a r e  o b t a in e d  u s i n g  th r e e  c o m p o n e n t
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e x p o n e n t i a l  d e c a y s .  T h e  c u r v e s  w i th  f i ts  f o r  e x p o s u r e  p r e p a r a t i o n  t e m p e r a t u r e s  
o f  20  ° C / 3 0  °C , 40  °C  a n d  50  °C  a r e  in  f ig u r e s  5 .5  to  5 .8 . T h e  v a lu e s  o f  T 2 fo r  
t h e  th r e e  c o m p o n e n t s  a n d  th e  r e la t iv e  a m p l i t u d e s  a r e  s h o w n  in  t a b u l a t e d  f o r m  
in  T a b le  5 .1  f o r  a ll th e  e x p o s u r e  t e m p e r a t u r e s  s t u d i e d .
N o  e v id e n c e  o f  a  t e m p e r a t u r e  d e p e n d e n t  t r e n d  in  th e  v a lu e s  o f  th e  r e l a x a t i o n  
t im e s  o r  t h e i r  a m p l i t u d e s  is a p p a r a n t .  T h e  o n ly  a n o m a l o u s  s e t  o f  d a t a  a p p e a r s  
to  b e  t h a t  f o r  50  °C  w h ic h  s h o w s  a  s u b s t a n t i a l l y  lo n g e r  s h o r t  c o m p o n e n t  t h a n  
th e  o t h e r  d a t a  s e ts .  T h e  r e a s o n  fo r  th i s  is  u n c le a r ,  h o w e v e r  i f  th is  d a t a  s e t  is 
t e m p o r a r i l y  d i s r e g a r d e d  th e  o th e r s  m a y  b e  a v e r a g e d  to  g iv e  T2 v a lu e s  o f  
1 8 2  p s ,  3 .1  m s  a n d  12 .9  m s  (±  2 0 % ), w i t h  r e la t iv e  a m p l i t u d e s  o f  0 .5 2 , 0 .21  a n d  
0 .2 7 .
TEMPERATURE
(C)
RELATIVE T ? 
AMPLITUDE
( us)
RELATIVE T ?  
AMPLITUDE
(.us)
RELATIVE T2 
AMPLITUDE (ps)
2 0 0.54 153 0.16 1460 0.30 8230
3 0 0.52 182 0.31 4930 0.17 18900
4 0 0.45 164 0.20 2220 0.35 13900
5 0 - -- 0.68 2550 0.32 23900
T a b l e  5 .1  S p i n  s p i n  r e l a x a t i o n  t i m e  v a l u e s  w i t h  
r e l a t i v e  a m p l i t u d e s
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F IG U R E  5 .5
Time (microsecs)
C P M G  R E S U L T S  F O R  A  S A M P L E  E X P O S E D  T O  A C E T O N E  
V A P O U R  A T  2 0 °C  S H O W I N G  T H E  D A T A  F O R  P U L S E  G A P S  
O F  1 4 0  u s  (S Q U A R E S ) A N D  800  u s  (C IR C L E S )
C
Ilak _
_0 _
co
15
.CO
0cO)0
FIG U R E  5.6
time (microsecs)
C P M G  R E S U L T S  F O R  A  S A M P L E  E X P O S E D  T O  A C E T O N E  
V A P O U R  A T  3 0 ° C  S H O W I N G  T H E  D A T A  F O R  P U L S E  G A P S  
O F  1 4 0  u s  (S Q U A R E S ) A N D  8 0 0  u s  (C IR C L E S )
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Time (microsecs)
F IG U R E  5 .7 C P M G  R E S U L T S  F O R  A  S A M P L E  E X P O S E D  T O  A C E T O N E  
V A P O U R  A T  4 0 ° C  S H O W IN G  T H E  D A T A  F O R  P U L S E  G A P S  
O F  140  u s  (S Q U A R E S ) A N D  80 0  u s  (C IR C L E S )
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cn
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FIG U R E  5.8 C P M G  R E S U L T S  F O R  A  S A M P L E  E X P O S E D  T O  A C E T O N E  
V A P O U R  A T  4 0 ° C  S H O W IN G  T H E  D A T A  F O R  P U L S E  G A P S  
O F  140  u s  (C IR C L E S ) A N D  800  u s  (S Q U A R E S )
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A l th o u g h  r ig i d  P V C  is  p r e s e n t  in  th e  s a m p le s  u n d e r  s t u d y  th e  e x t r e m e  
s h o r tn e s s  o f  i t 's  T 2 ( ty p ic a l ly  le s s  t h a n  20  g s)  p r e c lu d e s  i t  f r o m  b e in g  d e te c te d  
w i t h  th e  s e q u e n c e s  u s e d .  F ro m  a  k n o w le d g e  o f  th e  p h y s ic a l  p r o c e s s e s  t h o u g h t  
to  b e  p r e s e n t  in  th e  s a m p le s  tw o  lo n g e r  T 2 c o m p o n e n t s  w e r e  e x p e c te d  f ro m  
th e s e  e x p e r im e n ts ,  a n d  th e r e f o r e  tw o  o f  th e  th r e e  c o m p o n e n t s  m a y  b e  
a c c o u n te d  f o r  r e la t iv e ly  e a s i ly .  T h e  lo n g  c o m p o n e n t  is  a t t r i b u t e d  to  a b s o r b e d  
m o b i le  a c e to n e  a n d  th e  s h o r t  c o m p o n e n t  is  p r im a r i l y  d u e  to  th e  s w o l le n  P V C . 
T h e  th i r d  c o m p o n e n t  is  u n e x p e c te d .  P o s s ib le  e x p la n a t io n s  i n c lu d in g  b r o k e n  
a n d  h e n c e  m o r e  m o b i le  p o ly m e r  c h a in s  o r  a  c o m b in a t io n  o f  b o u n d  a c e to n e  
a n d  P V C  a r e  d i s c u s s e d  in  c h a p te r  6.
R e t u r n i n g  n o w  to  th e  o n e  d im e n s io n a l  p r o f i le s  o f  th e  s a m p le s ,  i t  is  c le a r  t h a t  
th e r e  is  n o  s t r o n g  t e m p e r a tu r e  d e p e n d e n t  T 2 t r e n d  w h ic h  e x p la in s  th e  v a r y in g  
v a lu e s  o f  m a g n e t i s a t i o n  o f  th e  p r o f i le  p e a k s .  I t  m u s t  th e n  b e  a s s u m e d  th e s e  
v a lu e s  a r e  a  r e f le c t io n  o f  th e  v a r y in g  a m o u n t s  o f  s ig n a l  r e m a in in g  a t  th e  t im e  
o f  d a t a  a c q u is i t io n  a r i s in g  f ro m  th e  d i f f e r e n c e s  in  s p in  s p i n  r e la x a t io n  t im e s  
n o t i c e d  in  th e  r e s u l t s  o f  th e  b u lk  C P M G  e x p e r im e n ts .
T h e  s h a p e  o f  th e  p r o f i le s  w a s  n o t  e n t i r e ly  a s  e x p e c te d .  T h e  c o n c e n t r a t io n  
g r a d i e n t  b e h i n d  th e  s h a r p  f r o n t  w a s  p r e s e n t  i n  a ll t h e  p r o f i le s ,  b e in g  
a c c e n tu a t e d  in  th e  p r o f i le s  o f  s a m p le s  p r e p a r e d  a t  e l e v a te d  e x p o s u r e  
t e m p e r a tu r e s .  T h e  s h a p e  c h a n g e  w i th  in c r e a s in g  t e m p e r a t u r e  w a s  t h o u g h t  to  
b e  s u g g e s t iv e  o f  a  t r e n d  to w a r d s  F ic k ia n  b e h a v io u r  a n d  is  d i s c u s s e d  f u r th e r  
in  c h a p te r  6.
T h e  p r o f i le s  in  f ig u r e  5 .4  c le a r ly  s h o w  t h a t  a s  th e  s a m p le s  a re  e x p o s e d  a t  
h i g h e r  t e m p e r a tu r e s  s o  th e  f r o n t  a d v a n c e s  m o r e  q u ic k ly .  A s  b e f o r e ,  u s i n g  th e  
w i d t h  a t  h a l f  t h e  p e a k  h e ig h t  a s  th e  d i s t a n c e  t r a v e l l e d  b y  th e  f ro n t ,  a  v a lu e  o f  
v e lo c i ty  fo r  e a c h  t e m p e r a t u r e  w a s  o b ta in e d .  T h e  f r o n t  m a r k s  th e  l im i t  o f  th e  
d i s t a n c e  t r a v e l l e d  b y  th e  a c e to n e  m o le c u le s  w i th in  th e  P V C . T h is  d i s ta n c e  
m a y  b e  a s s u m e d  to  b e  m a d e  u p  o f  a s e r ie s  o f  s m a l l  i n te r m o le c u la r  ju m p s .
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A s s u m in g  a n  a v e r a g e  t im e  x to  m a k e  a n e t  ju m p  o f  l e n g th  A x in  th e  p o s i t iv e  
x  d i r e c t io n ,
v = Ax x"1 5-2
w h e r e  v  is  th e  v e lo c i ty  in  te r m s  o f  th e  m o le c u la r  d i s ta n c e  to  b e  t r a v e l l e d  a n d  
th e  j u m p  r a te ,  x ' \  L e t u s  n o w  in t r o d u c e  th e  a c t iv a t io n  e n e r g y ,  E a, w h ic h  is  th e  
e n e r g y  b a r r i e r  t h a t  m u s t  b e  o v e r c o m e  if  a n y  m o v e m e n t  o f  m o le c u le s  is to  ta k e  
p la c e  a t  a ll. A r r h e n iu s  w a s  th e  f i r s t  to  p r o p o s e  th e  c o n c e p t  o f  a c t iv a te d  
m o le c u le s  to  e x p la in  th e  in f lu e n c e  o f  t e m p e r a t u r e  o n  p h y s ic a l  p r o c e s s e s .  H e  
d e v e l o p e d  a n  e q u a t io n  r e la t in g  th e  r a te  c o n s t a n t  o f  a  c h e m ic a l  r e a c t io n  a n d  th e  
t e m p e r a t u r e  a t  w h ic h  th a t  r e a c t io n  w a s  ta k in g  p la c e ,
5 .3
k  = A e x p ( - E a/R 0)
w h e r e  A  is  a  c o n s ta n t ,  k  is th e  r a te  c o n s ta n t ,  E a is th e  a c t iv a t io n  e n e r g y  o f  th e  
r e a c t io n ,  R  is th e  g a s  c o n s t a n t  a n d  0 is  th e  th e r m o d y n a m ic  t e m p e r a t u r e  in  
K e lv in s .  R e a c t io n s  m a y  p r o c e e d  a t  d i f f e r e n t  r a te s  a t  d i f f e r e n t  t e m p e r a tu r e s .  
A n  e q u a t io n  o f  th e  A r r h e n iu s  ty p e  m a y  b e  u s e d  to  d e t e r m in e  a v a lu e  fo r  th e  
a c t iv a t io n  e n e r g y  o f  th e  ju m p  r a te  x '1, a n d  if  Ax is  a s s u m e d  c o n s ta n t ,  f o r  th e  
v e lo c i ty ,  v ,
5 .4
A x x '1 = v = A  e x p ( - E a/R T )
T h is  m a y  b e  e x p r e s s e d  in  lo g a r i th m ic  f o r m  a s
In v = In A  -  — L. 5.5
R  T
T h e  lo g a r i t h m  o f  th e  v e lo c i ty  fo r  e a c h  t e m p e r a t u r e  w a s  p l o t t e d  a g a in s t  th e
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r e c ip r o c a l  o f  th e  a b s o lu te  t e m p e r a t u r e ,  f ig u r e  5 .9 . T h e  s lo p e  o f  th e  l in e  
c o r r e s p o n d s  to  a n  a c t iv a t io n  e n e r g y  fo r  th e  v e lo c i ty  o f  18 .8 6  ±  5.1 k jm o l '1, 
w h ic h  is o f  a  s im i la r  o r d e r  o f  m a g n i t u d e  to  th e  v a lu e  o f  1 0 3 .0  ±  2 0 .3  k j m o l '1 
o b t a in e d  b y  L a s k e y  e t  a l (1 9 8 8 b ) w h o  s t u d i e d  i o d o h e x a n e  p e n e t r a t i o n  in to  
p o ly s ty r e n e ,  a  b r o a d l y  s im i la r  p o ly m e r  p e n e t r a n t  s y s te m .
5.5 TIME COURSE EXPERIMENT
T o  t e s t  th e  d i f f u s io n  b e h a v i o u r  a f te r  a  p e r i o d  o f  t im e  f o l lo w in g  r e m o v a l  f r o m  
a c e to n e  v a p o u r  a  s e t  o f  s a m p le s  w e r e  r e im a g e d  f iv e  d a y s  a f te r  th e  in i t i a l  
e x p e r im e n t .  T h e  s a m p le s  w e r e  le f t  u n s e a l e d  a t  r o o m  t e m p e r a t u r e  to  a l lo w  f re e  
f lo w  o f  a c e to n e  m o le c u le s  o u t  o f  th e  s a m p le s  a s  w e l l  a s  w i th in  th e m . 
S u b s ta n t i a l  d e s o r p t i o n  o f  a c e to n e  f r o m  th e  s a m p le s  w a s  e x p e c te d ,  h o w e v e r  th e  
e x p e r im e n t  w a s  p r i m a r i l y  to  c h e c k  f o r  d i f f u s io n  o f  m o le c u le s  d o w n  th e  
c o n c e n t r a t io n  g r a d i e n t  f r o m  th e  p e n e t r a t e d  r e g io n  to  th e  u n p e n e t r a t e d  r e g io n .  
T h e  s a m p le  p r e p a r e d  a t  5 0 °C  in  p a r t i c u l a r  s u g g e s t e d  a  t r e n d  to w a r d s  F ic k ia n  
d i f f u s io n  d y n a m ic s ,  a w a y  f r o m  C a s e  II  d y n a m ic s .  T h e  r e s u l t s  f o r  th e  5 0 °C  
s a m p le  a r e  s h o w n  in  f ig u r e  5 .1 0  w i th  th e  c irc le s  r e p r e s e n t i n g  th e  p r o f i le  
im m e d ia t e ly  a f te r  r e m o v a l  f r o m  th e  v a p o u r  a n d  th e  t r i a n g le s  r e p r e s e n t i n g  th e  
p r o f i l e  a f te r  f iv e  d a y s .  T h e  c o n n e c t in g  l in e s  a r e  a d d e d  f o r  e a s e  o f  v ie w in g .  
T h e  s a m p le  h a s  d r i e d  o u t  c o n s id e r a b ly  d u r i n g  th e  f iv e  d a y s  a s  e x p e c te d ,  
h o w e v e r ,  i t  is  e v i d e n t  t h a t  th e r e  w a s  n o  m o v e m e n t  o f  m o le c u le s  d o w n  th e  
c o n c e n t r a t io n  g r a d i e n t  b e tw e e n  th e  p e n e t r a t e d  a n d  u n p e n e t r a t e d  r e g io n s  o f  th e  
p o ly m e r  f o l lo w in g  r e m o v a l  f r o m  th e  v a p o u r .  F r o m  th e  f ig u r e  it  c a n  b e  s e e n  
t h a t  th e r e  is  a  s l i g h t  m o v e m e n t  o f  th e  f r o n t  to  th e  le f t. T h is  w a s  d u e  to  th e  
d e s o r p t i o n  o f  m o le c u le s  c a u s in g  a n  o v e r a l l  s h r in k i n g  o f  th e  s a m p le  in  t h e  f iv e  
d a y s  b e tw e e n  e x p e r im e n ts .  T h is  e x p e r im e n t  t h u s  in d ic a te s  t h a t  e v e n  a t  
e l e v a t e d  t e m p e r a t u r e s  w h e r e  i t  w a s  t h o u g h t  t h a t  th e r e  m a y  b e  s ig n i f i c a n t  
F ic k ia n  b e h a v io u r ,  th e  d i f f u s io n  k in e t ic s  r e m a in e d  p r e d o m i n a n t l y  C a s e  II.
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i /e (K )
F IG U R E  5 .9  A R R H E N I U S  P L O T  T O  G IV E  T H E  A C T IV A T IO N  E N E R G Y  O F
T H E  F R O N T  V E L O C IT Y
distance (mm)
F IG U R E  5 .1 0  U P  P R O F IL E S  O F  A  S A M P L E  IM A G E D  IM M E D IA T E L Y  A N D
A F T E R  F IV E  D A Y S  A F T E R  E X P O S U R E  T O  V A P O U R
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5.6 D IS C U S S IO N
T h e  r e p e t i t iv e  p u l s e  v a r i a n t  o f  b r o a d l in e  g r a d i e n t  e c h o , d i s c u s s e d  in  c h a p te r  
3 , h a s  b e e n  s u c c e s s f u l ly  im p le m e n te d  a n d  u s e d  to  s t u d y  C a s e  II  d i f f u s io n .  T h e  
i m p r o v e m e n t  in  r e s o lu t io n  h a s  a f f o r d e d  m o r e  i n s ig h t  in to  th e  s h a p e  o f  th e  
c o n c e n t r a t io n  d i s ta n c e  p r o f i le s ,  w h ic h  h a v e  p r o v e d  to  b e  d i f f e r e n t  to  t h a t  
e x p e c te d  f r o m  c u r r e n t  C a s e  II th e o r y .  T h e  id e a l i s e d  c o n c e n t r a t io n  p r o f i le  
s h a p e  w a s  d i s c u s s e d  in  c h a p te r  2 , a n d  is  t h o u g h t  to  b e  m a d e  u p  o f  n e g l ig ib le  
g r a d i e n t  a c ro s s  th e  s w o l le n  r e g io n  u p  to  a  s h a r p  f r o n t  w h ic h  s e p a r a t e s  th e  
p e n e t r a t e d  a n d  u n p e n e t r a t e d  r e g io n s ,  w i t h  a  F ic k ia n  p r e c u r s o r  e x t e n d in g  in to  
th e  g la s s y  r e g io n .  T h e  p r o f i le s  o b t a in e d  in  th is  s t u d y  h a v e  th e  s h a r p  f r o n t  as 
p r e d i c t e d ,  b u t  s h o w  a  s ig n i f ic a n t  s lo p e  b e h in d  th e  f r o n t  a c ro s s  th e  s w o l le n  
p e n e t r a t e d  r e g io n  o f  th e  s a m p le .  I t  is  n o t  p o s s ib le  to  s t u d y  th e  F ic k ia n  
p r e c u r s o r  in  a s  m u c h  d e ta i l  a s  th e  s w o l le n  r e g io n  w i t h  th is  t e c h n iq u e ,  h o w e v e r  
t h e  io n  b e a m  N R A  te c h n iq u e  h a s  b e e n  u s e d  f o r  th is  p u r p o s e  a n d  w i l l  b e  
d i s c u s s e d  la te r  in  th is  c h a p te r .
I t  m u s t  b e  t a k e n  in to  a c c o u n t  t h a t  th e  p r o f i le s  o b t a in e d  a n d  p r e d i c t e d  b y  o th e r  
r e s e a r c h e r s  s u c h  a s  T h o m a s  a n d  W in d le  (1978 , 1 9 8 1 ), M ills  e t  a l (1989) a n d  
W e is e n b e r g e r  a n d  K o e n ig  (1 9 8 9 a , 1 9 8 9 b ) a re  o f  th e  p e n e t r a n t  c o n c e n t r a t io n  
o n ly .  S u c h  p r o f i le s  m a y  b e  o b ta in e d  u s in g  N M R  if  d e u t e r a t e d  a c e to n e  is  u s e d  
s in c e  d e u t e r i u m  is  in v is ib le  to  p r o t o n  N M R . S u b t r a c t io n  o f  a  p r o f i le  o f  a  
d e u t e r a t e d  s a m p le  f r o m  a n  o r d i n a r y  s a m p le  y ie ld s  a  p e n e t r a n t  o n ly  p ro f i le .  
U n f o r tu n a t e ly  th e  s ig n a l  to  n o is e  r a t io  fo r  th e  r e p e t i t iv e  p u l s e  t e c h n iq u e  is  n o t  
g o o d  e n o u g h  to  o b ta in  a c c e p ta b le  p r o f i le s  f r o m  a  d e u t e r a t e d  s a m p le  a t  p r e s e n t .  
F o r  s u c h  a n  e x p e r im e n t  a  s h o r t e r  T 2 im a g in g  s e q u e n c e  is  c u r r e n t ly  r e q u i r e d .  
W e is e n b e r g e r  a n d  K o e n ig ,  w h o  h a v e  s t u d i e d  C a s e  II d i f f u s io n  u s i n g  N M R  
im a g in g  u s e d  s u f f ic ie n t ly  l o n g  e c h o  t im e s  in  t h e i r  im a g in g  s e q u e n c e s  to  
e f f e c t iv e ly  r e m o v e  th e  p o ly m e r  s ig n a l  f r o m  th e i r  p r o f i le s  c o m p le te ly .
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I t  is  t h e n  r e a s o n a b le  to  a s s u m e  th a t  t h e  f a c t  t h a t  s ig n a l  is  o b t a in e d  f r o m  b o th  
th e  s w o l le n  p o ly m e r  a n d  th e  a b s o r b e d  p e n e t r a n t  h a s  m u c h  to  d o  w i t h  th e  
p r e s e n c e  o f  th e  s lo p e  b e h i n d  th e  f r o n t .  T h is  b e in g  th e  c a s e  i t  r e m a in s  
im p o s s ib le  u s in g  th i s  t e c h n iq u e  to  p o s tu l a t e  a b o u t  th e  p r e s e n c e  o f  F ic k ia n  
b e h a v i o u r  a t  h i g h  t e m p e r a t u r e s  b e in g  th e  c a u s e  o f  th e  s ig n i f i c a n t  s lo p e  in  th e  
s w o l le n  r e g io n  a s  n o t e d  b y  T h o m a s  a n d  W in d le  (1981). In  f a c t  th e  t im e  c o u r s e  
e x p e r im e n t  s e e m s  to  i n d ic a te  t h a t  v e r y  l i t t le ,  if  a n y ,  F ic k ia n  b e h a v i o u r  is 
p r e s e n t ,  s t r e n g t h e n i n g  th e  a r g u m e n t  t h a t  th e  s w o l le n  p o l y m e r  is  s o m e h o w  
r e s p o n s ib le  f o r  th e  s lo p e .  I t  is  c le a r  t h a t  in  o r d e r  to  f u l ly  e x p la in  t h e  p r o f i le  
s h a p e  a n d  a t t r i b u t e  i t  to  p h y s ic a l  p r o c e s s e s  o c c u r in g  w i th in  th e  s a m p le  t h a t  
f u r t h e r ,  m o r e  d e t a i l e d  e x p e r im e n t s  m u s t  b e  p e r f o r m e d .
T h e  w i d t h  o f  th e  p r o f i le s  a t  h a l f  p e a k  h e ig h t  is  u s e d  a s  a  m e a s u r e  o f  th e  
d i s t a n c e  t h a t  th e  s h a r p  f r o n t  h a s  t r a v e l l e d .  C o n s e q u e n t ly  i t  is  p o s s ib le  f r o m  
th e  d a t a  in  f ig u r e  5 .2  to  p l o t  a  d i s t a n c e  t im e  g r a p h  w h ic h  c o n f i r m s  th e  l in e a r  
k in e t ic s  a n d  g iv e s  a  v a lu e  fo r  th e  v e lo c i ty  a t  2 5 °C  o f  0 .0 4 2 m m /h r .
S a m p le s  w e r e  e x p o s e d  to  a c e to n e  v a p o u r  a t  a  r a n g e  o f  t e m p e r a t u r e s  b e tw e e n  
2 0 °C  a n d  5 0 °C  to  o b ta in  s o m e  d a t a  r e g a r d i n g  th e  t e m p e r a t u r e  d e p e n d e n c e  o f  
C a s e  II  d i f f u s io n .  T h e  f r o n t  v e lo c i ty  is  s t r o n g ly  t e m p e r a t u r e  d e p e n d e n t ,  a s  
s e e n  b y  th e  p r o f i le s  in  f ig u r e  5 .4  w h ic h  c le a r ly  s h o w  th e  in c r e a s e d  p e n e t r a t i o n  
w i t h  h ig h e r  e x p o s u r e  t e m p e r a tu r e s .  A n  A r r h e n iu s  ty p e  a n a ly s i s  h a s  b e e n  u s e d  
to  d e t e r m in e  th e  a c t iv a t io n  e n e r g y  o f  th e  v e lo c i ty  w h ic h  is 18 .8 6  ± 5 .1  k jm o l"1. 
T h e  s p in  s p i n  r e la x a t io n  t im e  a n a ly s is  o f  th e  s a m p le s  in d ic a te s  n o  a p p r e c ia b le  
t e m p e r a t u r e  d e p e n d e n c e ,  h o w e v e r  i t  d o e s  i n d ic a te  t h a t  th r e e  lo n g e r  
c o m p o n e n t s  a r e  p r e s e n t ,  w h ic h  is n o t  a s  e x p e c te d .  T h e  s h o r t e s t  (182 g s  ±  20% ) 
is  a t t r i b u t a b l e  to  th e  s w o l le n  p o ly m e r  a n d  th e  lo n g e s t  (1 2 .9  m s  ±  2 0 % ) to  th e  
a b s o r b e d  m o b i le  a c e to n e . T h e  p h y s ic a l  b a s i s  fo r  th e  m i d d l e  c o m p o n e n t  is  a s  
y e t  n o t  d e f in i t e ,  a l t h o u g h  it  a p p e a r s  lo g ic a l  to  a s s u m e  t h a t  i t  h a s  to  b e  
c o n n e c te d  w i t h  th e  p r e s e n c e  o f  th e  u n e x p e c t e d  s lo p e  d e t e c t e d  in  th e  s w o l le n  
r e g io n  o f  t h e  s a m p le s .
121
T h is  is th e  f i r s t  te s t  o f  th e  n e w  r e p e t i t iv e  p u l s e  t e c h n iq u e  a n d  a l t h o u g h  
e x c e l le n t  im p r o v e m e n t s  to  th e  r e s o lu t io n  h a v e  b e e n  o b ta in e d  th e r e  r e m a in s  a 
s m a l l  e l e m e n t  o f  d o u b t  a s  to  w h e t h e r  th e  e x te n t  o f  th e  s lo p e  o f  th e  p r o f i le  w a s  
d u e  to  a  v a l id  p h y s ic a l  p r o c e s s  o r  e x p e r im e n ta l  b r o a d e n in g .  T o  v e r i f y  th e  
r e s u l t s  w h ic h  a p p e a r  to  b e  in  c o n t r a d ic t io n  w i th  th e  e x p e c ta t io n s  o f  c u r r e n t  
C a s e  II th e o r y  r e q u i r e s  th e  u s e  o f  a n o th e r  t e c h n iq u e  a b le  to  g iv e  b e t t e r  
r e s o lu t io n  a n d  s ig n a l  to  n o is e  r a t io  fo r  s o l id  m a te r i a l s ,  s u c h  a s  s t r a y  f ie ld  
im a g in g  (S T R A F I).
5.7 ION BEAM NUCLEAR REACTION ANALYSIS TO MEASURE
CASE II DIFFUSION PROFILES
N u c le a r  R e a c t io n  A n a ly s is  (N R A ) w a s  u s e d  to  c o m p le m e n t  th e  N M R  
te c h n iq u e s  fo r  th e  s t u d y  o f  C a s e  II d i f f u s io n  b e h a v i o u r  in  P V C . T h e  s c a n n in g  
m ic r o b e a m  m e th o d  w a s  c o m p a r a b le  to  N M R  im a g in g  in  th e  d e t e r m i n a t i o n  o f  
d i f f u s io n  p r o f i le s  o v e r  a  r e la t iv e ly  la rg e  d i s ta n c e ,  s u c h  a s  20  m m . T h e  u s e  o f  
d e u t e r a t e d  a c e to n e  in  th e s e  e x p e r im e n ts  m e a n t  t h a t  o n ly  p r o f i le s  o f  th e  
p e n e t r a n t  c o n c e n t r a t io n  w e r e  o b ta in e d .  T h e  u s e  o f  th e  t e c h n iq u e  to  m e a s u r e  
d i f f u s io n  p r o f i le s  o f  th e  in i t ia l  s ta g e s  o f  th e  d i f f u s io n  o f f e r e d  g r e a t  p o te n t i a l  
a n d  g a v e  in f o r m a t io n  n o t  o b ta in a b le  u s i n g  N M R . In  a d d i t i o n ,  i t  o f f e r e d  a n  
a d v a n t a g e  o v e r  s im i la r  e x p e r im e n ta l  t e c h n iq u e s  u s e d  to  s t u d y  th in  la y e r s  s u c h  
a s  f o r w a r d  re c o il  a n a ly s is .  T h is  w a s  d u e  to  t h e  b a c k s c a t t e r e d  a n g le  o f  
d e te c t io n  w h ic h  r e m o v e d  th e  r e q u i r e m e n t  fo r  th in  a n d  f r a g i le  s a m p le s  o r  
g la n c in g  in c id e n t  a n g le s  a n d  f a c i l i ta te d  th e  u s e  o f  s a m p le s  c u t  f r o m  th e  s a m e  
r o d  a s  th o s e  u s e d  in  a ll o th e r  e x p e r im e n ta l  w o rk .  F o r  m o s t  o th e r  t h in  f i lm  
t e c h n iq u e s  s a m p le s  w o u l d  h a v e  to  b e  d i s s o lv e d  a n d  c a s t  o n  to  s u b s t r a t e s ,  o f te n  
a  d i f f ic u l t  a n d  t im e  c o n s u m in g  ta s k .
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5.8 SA M P L E  P R E P A R A T IO N
5.8 .1 S C A N N I N G  M IC R O B E A M  M E T H O D .
T h e  e x p o s u r e  to  s o lv e n t s  fo r  th e  s c a n n in g  m ic r o b e a m  m e t h o d  w a s  v e r y  s im i la r  
to  t h a t  f o r  th e  N M R  im a g in g  e x p e r im e n t s .  T h is  m e t h o d  w a s  u s e d  to  g iv e  
p r o f i le s  f r o m  a  c ro s s  s e c t io n  a n d  s o  s a m p le s  o f  40  m m  in  l e n g th  w e r e  c u t  
f r o m  th e  15 m m  r o d  a s  fo r  th e  N M R  e x p e r im e n ts .  T h e  s a m p le s  w e r e  e x p o s e d  
to  v a p o u r  in  c o n ic a l  f la s k s  a s  b e f o r e ,  h o w e v e r  d u e  to  th e  h y g r o s c o p ic  n a t u r e  
o f  th e  d e u t e r a t e d  a c e to n e ,  th e  f la s k s  h a d  to  b e  c o m p le te ly  s e a le d  to  p r e v e n t  
p r o t o n  e x c h a n g e .  A f te r  v a r ia b le  e x p o s u r e  t im e s  a  2  m m  s l ic e  f r o m  th e  m i d d l e  
o f  th e  s a m p le  w a s  c u t  to  e x p o s e  a c ro s s  s e c t io n ,  w h ic h  s h o w e d  a n  o u t e r  r in g  
o f  p e n e t r a t e d  p o ly m e r  a n d  a n  in n e r  c o re  o f  i m p e n e t r a t e d  g la s s y  p o ly m e r .
T h e  in i t ia l  e x p e r im e n ts  r e v e a le d  a  p r o b le m  w i th  th e  s a m p le  p r e p a r a t i o n .  T h e  
m e t h o d  o f  c u t t i n g  th e  s a m p le  h a d  th e  e f f e c t  o f  's m e a r i n g '  d e u t e r i u m  a to m s  
f r o m  th e  p r o f i le  in to  th e  c e n tr a l  im p e n e t r a t e d  r e g io n  a n d  s o  c o n ta m in a t in g  th e  
r e s u l t s .  D if f e r e n t  c u t t i n g  m e th o d s  w e r e  te s te d  w i t h  n o  s u c c e s s .  T h e  o n ly  
m e t h o d  f o u n d  to  a d e q u a te ly  e x p o s e  a c r o s s  s e c t io n  f r o m  w h ic h  a t r u e  p r o f i le  
c o u ld  b e  o b t a in e d  w a s  to  f r e e z e  th e  s a m p le  in  l iq u id  n i t r o g e n  fo r  s o m e  t im e  
a n d  th e n  to  b r e a k  i t  w h i le  b r i t t le .  T h e  d r a w b a c k  to  th is  m e t h o d  w a s  th e  
u n e v e n  s u r f a c e  o b t a in e d  w h ic h  w a s  n o t  id e a l  fo r  th e s e  e x p e r im e n t s .
F o r  th e s e  e x p e r im e n ts  s m a l le r  s a m p le s  w e r e  r e q u i r e d ,  a n d ,  d u e  to  th e  r e d u c e d  
e x p o s u r e  t im e s ,  w e r e  c u t  p r io r  to  e x p o s u r e  to  d e u t e r a t e d  a c e to n e .  S a m p le s  o f  
15 m m  x  20  m m  x  2 m m  w e r e  c u t  f r o m  th e  o u t e r  e d g e s  o f  th e  25  m m  s q u a r e  
r o d .  A s  f o r  th e  p r e v io u s  m e t h o d  th e  s a m p le s  w e r e  e x p o s e d  to  d e u t e r a t e d
5 .8 .2 D E P T H  P R O F IL IN G  T E C H N IQ U E .
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a c e to n e  v a p o u r  in  th e  c o n ic a l  f la s k s  w h ic h  w e r e  s e a le d  to  p r e v e n t  e x c h a n g e  
p r o c e s s e s .  F o r  th e s e  e x p e r im e n t s  th e  e x p o s u r e  t im e s  w e r e  v e r y  m u c h  s h o r t e r  
t h a n  b e f o r e ,  ty p ic a l ly  o f  th e  o r d e r  o f  m in u te s  r a t h e r  th a n  h o u r s .  F o l lo w in g  
e x p o s u r e  th e  s a m p le s  w e r e  r e m o v e d  f r o m  th e  f la s k s  a n d  im m e d ia te ly  p la c e d  
i n  l i q u id  n i t r o g e n .  T h is  w a s  to  f r e e z e  th e  d i f f u s io n  p r o f i le  a n d  p r e v e n t  a n y  
d i f f u s io n  o f  m o le c u le s  o u t  o f  th e  s a m p le .  T h e  s a m p le s  h a d  to  b e  c o a te d  w i t h  
a  v e r y  th in  g o ld  la y e r  o f  a p p r o x im a te ly  200  A  w h ic h  s e r v e d  a  d u a l  p u r p o s e .  
S in c e  p o ly m e r s  a r e  n o t  g e n e r a l ly  g o o d  c o n d u c to r s  i t  a c te d  a s  a  c o n d u c t in g  
l a y e r  to  p r e v e n t  c h a r g e  b u i l d i n g  u p  o n  th e  s u r f a c e  o f  th e  s a m p le  d u r i n g  
a n a ly s i s .  I n  a d d i t i o n  to  th e  p r o to n s  f r o m  th e  n u c le a r  r e a c t io n s  a n  R B S p e a k  
f r o m  th e  g o ld  o n  th e  s u r f a c e  o f  th e  s a m p le  w a s  d e te c te d ,  a n d  th is  w a s  u s e d  
i n  t h e  c a l ib r a t io n  o f  th e  e n e r g y  p e r  c h a n n e l .  A f te r  b e in g  c o a te d  w i th  a  g o ld  
l a y e r  th e  s a m p le s  w e r e  r e p la c e d  in  th e  n i t r o g e n  u n t i l  th e  e x p e r im e n t s  
c o m m e n c e d .
5.9 MEASUREMENT OF DIFFUSION PROFILES
5.9 .1  S C A N N I N G  M IC R O B E A M  M E T H O D
T h e  N R A  te c h n iq u e  m a y  b e  im p le m e n te d  in  tw o  w a y s  to  m e a s u r e  d i f f u s io n  
p r o f i l e s ,  d e p e n d e n t  o n  th e  s a m p le  g e o m e t r y  a n d  le n g th  o f  e x p o s u r e  to  
p e n e t r a n t .  F o r  m o r e  e s t a b l i s h e d  p r o f i le s ,  o r  d i f f u s io n  r a te s  to o  g r e a t  to  g iv e  
a  d i s c e r n a b le  p r o f i le  w i th in  8 p m , th e  s c a n n in g  m ic r o b e a m  m e t h o d  is 
im p le m e n te d .  T h e  e x p e r im e n ta l  a r r a n g e m e n t  is  s h o w n  is  f ig u r e  5 .11 .
T h is  m e t h o d  r e q u i r e s  th e  u s e  o f  a  b e a m  l in e  w i th  th e  c a p a b i l i ty  to  fo c u s  th e  
b e a m  s p o t  to  a  d i a m e te r  o f  50  p m . T h e  d e p t h  p r o f i le  is  o b t a in e d  b y  to ta l  y ie ld  
m e a s u r e m e n t s  a t  e a c h  p o s i t io n  a s  th e  b e a m  is m o v e d  s t e p w is e  a c r o s s  th e  
s a m p le .  T h e  y ie ld  r e p r e s e n t s  th e  d e u t e r i u m  c o n c e n t r a t io n  a t  t h a t  p a r t i c u l a r
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p o s i t io n .  T h e  c ro s s  s e c t io n s  o f  s a m p le s  o f  u p  to  ty p ic a l ly  20  m m  m a y  b e  
s t u d i e d  in  th is  w a y .  T h e  r e s o lu t io n  is v a r ia b le  a n d  d e p e n d s  o n  th e  b e a m  s p o t  
s iz e  a n d  th e  d i s ta n c e  m o v e d  b e tw e e n  s te p s .  I t  is th e r e f o r e  p o s s ib le  to  s c a n  a  
s a m p le  q u ic k ly  w i t h  r e la t iv e ly  p o o r  r e s o lu t io n  to  g iv e  a  f i r s t  a p p r o x im a t io n  
o f  th e  p r o f i le  c h a r a c te r is t ic s .  S in c e  u s in g  th is  m e t h o d  s a m p le s  a r e  n o t  
d e s t r o y e d ,  th is  m a y  b e  f o l lo w e d  b y  a m o r e  in  d e p t h  s t u d y  o f  a  p a r t i c u l a r  a r e a  
o f  in te r e s t .  F ig u r e  5 .12  s h o w s  a  ty p ic a l  p r o f i le  o b t a i n e d  f r o m  a  c i r c u la r  c ro s s  
s e c t io n  o f  a  s a m p le  e x p o s e d  to  a c e to n e  v a p o u r  a s  d e s c r ib e d  e a r l i e r  f o r  96  
h o u r s .  T h e  s p o t  s iz e  is  100 p m  a n d  th e  r e s o lu t io n  is  4 0 0  p m  p e r  p o i n t  T h e  
c o u n t s  w e r e  a c c u m u la t e d  fo r  a p p r o x im a te ly  2 .5  m in u te s  in  e a c h  b e a m  p o s i t i o n  
a n d  th e  to ta l  a c q u is i t io n  t im e  w a s  o f  th e  o r d e r  o f  2 h o u r s  15 m in u te s .  T h e  
c e n t r a l  i m p e n e t r a t e d  r e g io n  is c le a r ly  s e e n ,  h o w e v e r  a  m o r e  d e t a i l e d  s t u d y  o f  
th e  f r o n t  i t s e l f  w o u l d  h a v e  to  b e  p e r f o r m e d  b e f o r e  a n y  q u a n t i t a t i v e  a n a ly s i s  
c o u ld  b e  a t t e m p te d .  I t  is  t h o u g h t  th a t  th e  u n e v e n  s u r f a c e  d u e  to  th e  s a m p le  
p r e p a r a t i o n  te c h n iq u e  r e q u i r e d  a c c o u n te d  fo r  th e  n o is y  s ig n a l  s e e n  in  th e  
p e n e t r a t e d  r e g io n s .
A l th o u g h  th is  m e t h o d  e n a b le s  la rg e  d is ta n c e s  to  b e  p r o b e d  w i t h  r e s o lu t io n  
b e t t e r  th a n  o r  c o m p a r a b le  to  m a n y  o t h e r  e x p e r im e n ta l  m e t h o d s  i t  is  t im e  
c o n s u m in g  w h e n  u s e d  to  s t u d y  a  la r g e  d i s ta n c e  w i th  th e  b e s t  r e s o lu t io n  
p o s s ib le .  T h is  r e d u c e s  th e  t h r o u g h p u t  o f  s a m p le s  to  a n  e x t e n t  t h a t  d o e s  n o t  
g iv e  o p t i m u m  u s a g e  o f  b e a m  t im e  w h ic h  is  e x p e n s iv e .  W ith  p a r t i c u l a r  
r e f e r e n c e  to  th is  w o r k ,  th e  N M R  im a g in g  m e th o d  s e e m s  m o r e  a p p r o p r i a t e  to  
u s e  a s  th e  m a in  m e th o d  o f  o b ta in in g  o n e  d im e n s io n a l  p r o f i le s  o f  l a r g e  
d i s t a n c e s  o f  u p  to  20  m m . M o re  s a m p le s  c a n  b e  s t u d i e d  a s  th e  e x p e r im e n ta l  
t im e  r e q u i r e d  to  o b ta in  a n  im a g e  t im e  is s u b s t a n t i a l l y  s h o r t e r  th a n  t h a t  
r e q u i r e d  f o r  th e  s c a n n in g  m ic r o b e a m  m e th o d .  T h e  a l lo c a te d  b e a m  t im e  is 
u s e d  to  b e s t  a d v a n ta g e  to  c o n c e n t r a te  o n  th e  s t u d y  o f  th e  in i t ia l  s t a g e s  o f  th e  
d i f f u s io n  p r o c e s s  u s in g  th e  d e p t h  p r o f i l in g  m e th o d  o n  th e  s u r f a c e  la y e r s  o f  
s a m p le s .
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5.9 .2 D E PT H  PRO FILING  OF SUR FA C E LAYERS.
T h is  m e t h o d  o f  i m p le m e n ta t i o n  o f  th e  N R A  te c h n iq u e  r e l ie s  o n  th e  e n e r g y  
s p e c t r u m  o f  th e  r e a c t io n  p r o d u c t s  to  g iv e  d e p t h  i n f o r m a t io n  o f  th e  to p  s u r f a c e  
l a y e r s  o f  a  s a m p le .  I t  is  a  v e r y  q u ic k  a n d  s im p le  w a y  o f  o b t a i n i n g  a  d i f f u s io n  
p r o f i le .
5 .9 .2 .1  E X P E R IM E N T A L  D E T A IL S
T h e  a n a ly s i s  c h a m b e r  is lo c a te d  a t  th e  e n d  o f  l in e  2 o f  th e  V a n  d e  G r a a f f  a r e a  
o f  th e  D .R . C h ic k  Io n  B e a m  F a c i l i ty  a t  th e  U n iv e r s i ty  o f  S u r r e y .  I t  is  a  s t a in le s s  
s t e e l  c h a m b e r  t h a t  c a n  b e  e v a c u a te d  to  a  p r e s s u r e  o f  ~ 1 0 '6 t o r r  u s in g  a n  o il  
d i f f u s io n  p u m p .  T h e r e  a r e  o p e n in g s  in  th e  c h a m b e r  w a l l  w h ic h  a l lo w  th e  
b e a m  to  e n te r ,  th e  s a m p le s  to  b e  i n s e r t e d  a n d  r e m o v e d ,  a n d  tw o  w i n d o w s  
a l l o w  th e  p o s i t i o n in g  o f  th e  s a m p le  a n d  th e  b e a m  to  b e  o b s e r v e d .
T h e  d e te c to r  is  m o u n t e d  o n  a n  e le c tr ic a l ly  in s u l a t e d  s t a n d  t h a t  is  b o l t e d  to  a  
r i n g  o n  th e  c h a m b e r  f lo o r . I t  h a s  a  b r a s s  c o l l im a to r  in  f r o n t  o f  i t  w i t h  a n  
a p e r t u r e  2 m m  w id e  x  10 m m  le n g th .  I t  m a y  b e  p o s i t i o n e d  a t  a lm o s t  a n y  a n g le  
to  th e  b e a m ,  h o w e v e r  fo r  th e s e  e x p e r im e n t s  th e  a n g le  c h o s e n  w a s  165°. 
A t t a c h e d  to  th e  c h a m b e r  l id  is a  h o l lo w  r o d  w h ic h  e x t e n d s  d o w n  in to  th e  
c h a m b e r  a n d  u p o n  w h ic h  th e  s a m p le  is  m o u n te d .  L iq u id  n i t r o g e n  is  p o u r e d  
d o w n  in to  t h e  r o d  to  c o o l th e  s a m p le  d u r i n g  a n a ly s i s .  T h e  r o d  m a y  a ls o  b e  
t u r n e d  t h r o u g h  3 6 0 ° , e n a b l in g  th e  s a m p le  to  b e  i n s e r t e d  a n d  t h e n  th e  
a p p r o p r i a t e  a n g le  c h o s e n  f o r  th e  in c id e n t  b e a m  to  h i t  th e  t a r g e t .  T h e  s a m p le  
h o l d e r s  a r e  m e ta l  b lo c k s  w h ic h  w e r e  d e s ig n e d  to  s l id e  o n  to  a  d o v e  ta i l  a t  th e  
e n d  o f  th e  r o d .  T h e  h o ld e r s  a r e  s c r e w e d  o n  to  a n  a r m  w h ic h  is  u s e d  to  i n s e r t  
a n d  r e m o v e  th e  s a m p le s  t h r o u g h  a  l o a d  lo c k . W i th  th i s  a r r a n g e m e n t  th e  
s a m p le s  a r e  c h a n g e d  w i t h o u t  a f f e c t in g  th e  v a c u u m  s ig n if ic a n t ly .  T h e  p r e s s u r e  
in  th e  lo a d  lo c k  is  ty p ic a l ly  10 '4 to r r .  F ig u r e s  5 .13  a n d  5 .1 4  a r e  p h o t o g r a p h s  o f
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FIGURE 5.14 P H O T O G R A P H  O F  BEAM  LINE
128
20 m m
s id e  v ie w
sample
15 mm
A
V _ T “ Z _
end view
10 m m 20 mm top view
 >
50 mm
F IG U R E  5 .1 5  S C H E M A T IC  R E P R E S E N T A T IO N  O F  T H E  S A M P L E  H O L D E R
F O R  T H E  D E P T H  P R O F IL IN G  E X P E R IM E N T S
d e te c to r
<  >
3 m m
F IG U R E  5 .1 6  E X P E R IM E N T A L  A R R A N G E M E N T  F O R  T H E  D E P T H
P R O F IL IN G  E X P E R IM E N T S
129
t h e  a n a ly s i s  c h a m b e r  a n d  b e a m  l in e ,  a n d  f ig u r e  5 .15  is  a  d ia g r a m m a t i c  
r e p r e s e n ta t i o n  o f  th e  s a m p le  h o ld e r .
T h e  e x p e r im e n ta l  a r r a n g e m e n t  is  s h o w n  in  f ig  5 .16 . T h e  s a m p le  is p r o b e d  w i th  
a  b e a m  o f  3H e  io n s  e n e r g ie s  ty p ic a l ly  in  th e  r a n g e  0 .7  M e V  to  2.0 M e V , th e  
u p p e r  l im i t  b e in g  s e t  b y  th e  c a p a b i l i t ie s  o f  th e  g e n e r a to r  a t  S u r r e y .  B e a m  io n s  
e n t e r  th e  s a m p le ,  a n d  th o s e  t h a t  r e a c t  w i t h  d e u t e r i u m  a to m s  in i t i a l ly  f o r m  
c o m p o u n d  e x c i te d  s t a t e s  o f  5L i w h ic h  b r e a k  u p  to  g iv e  p r o t o n s  a n d  a lp h a  
p a r t ic le s .
5 .9 .2 .2  D E T E C T IO N  O F  R E A C T IO N  P R O D U C T S .
T h e  d e te c to r  is  a  1500  p m  th ic k  s i l ic o n  s u r f a c e  b a r r i e r  d e te c to r  (O R T E C  C A -1 7 -  
10 0 -1 5 0 0 ) s i t u a t e d  10 c m  f r o m  th e  ta r g e t .  T h e  o u t p u t  f r o m  th e  d e te c to r  is  a  
p u l s e  t h a t  is  r o u t e d  th r o u g h  a n  O R T E C  p r e a m p l i f i e r  142 A H  a n d  O R T E C  
a m p l i f i e r  5 7 2  in to  a  m u l t i c h a n n e l  a n a ly s e r  (M C A ). T h e  M C A  c o n s is ts  o f  a n
E G & G  A C E  m u l t i c h a n n e l  b u f f e r  (M C B ) c a r d  in  a n  e x p a n s io n  p o r t  o f  a n
A m s t r a d  1512  P C . T h e  b u f f e r  r e a d s  p u l s e  h e ig h t s  f r o m  th e  a m p l i f i e r  b y  m e a n s  
o f  a n  a n a lo g u e  to  d ig i t a l  c o n v e r to r  (A D C ) a n d  t h e n  d i s p l a y s  a  p u l s e  h e ig h t  
s p e c t r u m .  E a c h  c h a n n e l  o n  th e  M C A  r e p r e s e n t s  a  n a r r o w  r a n g e  o f  p u l s e  
h e ig h t s  w h ic h  in  t u r n  r e f le c t  a  r a n g e  o f  e n e r g ie s  o f  th e  e m i t t e d  p a r t ic le ,
5 .9 .2 .3  IN T E R P R E T A T IO N  O F  T H E  C H A N N E L  A X IS  S C A L E .
T h e  c h a n n e l  a x is  o f  th e  s p e c t r u m  is  a  r e p r e s e n ta t i o n  o f  th e  e n e r g y  s c a le ,  w h ic h  
is  i n t e r p r e t e d  a s  fo l lo w s . W h e n  e m i t t e d ,  th e  p r o to n  h a s  a n  e n e r g y  s ig n i f ic a n t ly  
l a r g e r  t h a n  th e  b e a m  io n  a n d  is  m o r e  p e n e t r a t in g .  V e ry  l i t t le  e n e r g y  is  lo s t  in  
t r a v e r s i n g  th e  r a n g e  o f  m a te r i a l  n e e d e d  to  s to p  th e  b e a m  io n . T h is  m e a n s  t h a t  
t h e  e n e r g y  o f  th e  p r o t o n  is  o n ly  d e p e n d e n t  o n  th e  a n g le  o f  e m is s io n  a n d  th e
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e n e r g y  o f  th e  b e a m  io n  a t  th e  p o i n t  o f  r e a c t io n .  N o w ,  th e s e  p r o to n s  a r e  
e m i t t e d  in  a  b a c k w a r d  d i r e c t io n  w h ic h  m e a n s  t h a t  th e i r  e n e r g y  in c r e a s e s  a s  th e  
b e a m  e n e r g y  d e c r e a s e s .  T h is  is  d u e  to  th e  in f lu e n c e  o f  th e  v e lo c i ty  o f  th e  
c e n t r e  o f  m a s s  r e f e r e n c e  f r a m e .  T h is  is  a lw a y s  in  t h e  f o r w a r d  d i r e c t io n  a n d  
d e c r e a s e s  a s  th e  b e a m  e n e r g y  d e c r e a s e s .  T h is  c a u s e s  th e  b a c k w a r d  c o m p o n e n t  
o f  th e  r e s u l t a n t  in  th e  la b  f r a m e  to  in c re a s e .  O v e ra l l  th e  p r o d u c t s  e m i t t e d  in  
a  b a c k w a r d  d i r e c t io n  f r o m  e v e n t s  a t  th e  s u r f a c e  h a v e  le s s  e n e r g y  th a n  th o s e  
p r o d u c e d  f r o m  e v e n t s  w i th in  th e  s a m p le .  T h e  d i s p l a y  f r o m  th e  M C A  
t h e r e f o r e  g iv e s  a n  a p p r o x im a t io n  o f  th e  c o n c e n t r a t io n  a g a in s t  d e p t h  p r o f i le .
5 .9 .2 .4  C A L IB R A T IO N  O F  E N E R G Y  P E R  C H A N N E L .
T h e  f i r s t  s t a g e  in  th e  c o n v e r s io n  o f  th e  c h a n n e l  a x is  to  a t r u e  d e p t h  s c a le  is  to  
o b t a in  a n  e n e r g y  p e r  c h a n n e l  c a l ib r a t io n  f ig u re .  T h is  is  a c h ie v e d  u s in g  th e  
e n e r g ie s  o f  k n o w n  p e a k s  a n d  th e i r  c o r r e s p o n d in g  c h a n n e l  n u m b e r s  to  p l o t  a  
c a l ib r a t io n  c u rv e . A  t r ip le  a lp h a  s o u r c e  w a s  u s e d  fo r  th e s e  e x p e r im e n ts ,  
g iv in g  th r e e  p e a k s  c o r r e s p o n d in g  to  th e  e n e r g ie s  5 .1 5 5 , 5 .4 8 6  a n d  5 .8 0 5  M e V , 
w h ic h  w e r e  p l o t t e d  a g a in s t  c h a n n e l  n u m b e r  a n d  a r e  s h o w n  in  f ig u r e  5 .17 . T h e  
c h a n n e l  n u m b e r  o f  th e  g o ld  R B S p e a k  w a s  th e n  u s e d  w i th  th e  b e s t  f i t  l in e  to  
d e t e r m i n e  th e  e n e r g y  o f  th e  p e a k .  U s in g  th e  r e la t io n
E RBS =  E l,c ' k  5 -6
w h e r e  k ,  th e  k in e m a t ic  f a c to r ,  w a s
(  Y
k = m 2~m i 5.7
m + m .
V 2 1J
a n  a c c u r a te  v a lu e  o f  th e  e n e r g y  o f  th e  3H e  b e a m  w a s  d e t e r m i n e d  to  b e
1 .9 4 9  M e V . U s in g  th i s  v a lu e  o f  th e  b e a m  e n e r g y  a  p r o g r a m  w a s  u s e d  w h ic h
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d e t e r m i n e d  th e  c o r r e s p o n d in g  v a lu e  o f  th e  p r o t o n  e n e r g y ,  w h ic h  w a s
1 1 .8 1 6  M e V . T h is  e n e r g y  a n d  th e  c h a n n e l  n u m b e r  c o r r e s p o n d in g  to  th e  
s u r f a c e  o f  th e  s a m p le  g a v e  a n o th e r  p o i n t  o n  th e  c a l ib r a t io n  c u r v e ,  f ig u r e  5 .18 . 
A n o t h e r  b e s t  f i t  l in e  w a s  c a lc u la te d ,  th e  g r a d i e n t  o f  w h ic h  w a s  th e  c a l ib r a t io n  
f ig u r e  o f  7 .00  k e V  p e r  c h a n n e l .
5 .9 .2 .5  N O R M A L IS A T IO N  A N D  D E T E R M IN A T IO N  O F  D E P T H
P R O F IL E S .
T h e  c o n c e n t r a t io n  p r o f i le s  h a v e  to  b e  n o r m a l i s e d  in  o r d e r  to  r e m o v e  th e  e f fe c ts  
o f  a t t e n u a t i o n  a n d  c ro s s  s e c t io n  v a r ia t io n .  In  c h a p te r  1 i t  w a s  s h o w n  h o w  
s t r o n g ly  th e  r e a c t io n  c ro s s  s e c t io n  v a r i e d  w i th  e n e r g y .  C o n s e q u e n t ly ,  a n  e v e n ly  
d e u t e r a t e d  s a m p le  s h o w s  m o r e  c o u n t s  a t  th e  e n e r g y  c o r r e s p o n d i n g  to  th e  
r e a c t io n  c ro s s  s e c t io n  p e a k .  T o  c o u n te r a c t  th is  a ll th e  s p e c t r a  a re  d i v i d e d  b y  
th e  s p e c t r u m  o f  a n  e v e n ly  d e u t e r a t e d  s a m p le .  T h is  d iv i s io n  is  p e r f o r m e d  b y  
th e  p r o g r a m  u s e d  to  d e t e r m in e  th e  d e p t h  s c a le , a  l i s t in g  o f  w h ic h  is  in  
a p p e n d i x  2. T h e  e n e r g y  p e r  c h a n n e l  c a l ib r a t io n  f ig u r e  is  i n p u t  in to  th e  
p r o g r a m  a lo n g  w i t h  t h e  d i f f u s e d  a n d  th e  n o r m a l i s a t io n  s p e c t r a .  T h e  c h a n n e l  
n u m b e r s  o f  l e a d in g  e d g e s  o f  b o th  th e  s p e c t r a  a r e  i n p u t  a n d  th e  p r o g r a m  
a u to m a t i c a l l y  c o r r e c ts  f o r  a n y  s l i g h t  v a r i a t io n  b e tw e e n  th e  tw o . A  s e p a r a t e  
p r o g r a m  is  u s e d  to  f in d  th e  r a n g e  o f  t h e  3H e  io n s  in  th e  P V C  u s e d ,  a n d  th e  
r e s u l t  i n p u t  to  o r ig in a l  p r o g r a m  fo r  u s e  in  d e t e r m in a t io n  o f  th e  d e p t h  s c a le . 
T h e  r e s u l t i n g  c o n c e n t r a t io n  d e p t h  p r o f i le  is w r i t t e n  to  a file  f o r  f u r t h e r  
a n a ly s i s .
5 .1 0  E X P E R IM E N T A L  R E S U L T S .
A l t h o u g h  th e  in i t i a l  s ta g e s  o f  C a s e  II h a v e  b e e n  s t u d i e d  b e f o r e ,  L a s k e y  e t  a l
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(1 9 8 8 a ), th e r e  h a s  b e e n  to  m y  k n o w le d g e  n o  q u a n t i t a t i v e  a n a ly s i s  o f  th e  s h a p e  
o f  th e  p r o f i le s  in  th e  i n d u c t io n  p e r i o d ,  a n d  r e s e a r c h e r s  h a v e  s im p ly  m a d e  
q u a l i t a t iv e  o b s e r v a t io n s ,  s t a t i n g  t h a t  i t  a p p e a r e d  to  b e  a 's m o o t h l y  d e c r e a s in g  
f u n c t io n  o f  d i s t a n c e '.  I n  o r d e r  to  o b t a in  a  v a lu e  o f  th e  d i f f u s io n  c o e f f ic ie n t  
t h e y  h a v e  r e d u c e d  th e  a c t iv i ty  o f  th e  p e n e t r a n t ,  c o n s e q u e n t ly  s lo w in g  th e  
w h o le  p r o c e s s  e n o u g h  to  a l lo w  a  f r o n t  to  f o r m  w i th in  th e i r  e x p e r im e n ta l  
t im e s c a le .  T h e  p r o b le m  th e n  b e c a m e  th e  s o lu t io n  o f  F ic k ia n  d i f f u s io n  a h e a d  
o f  a  m o v in g  f r o n t ,  w i t h  th e  q u a n t i t a t i v e  a n a ly s is  o f  th e  F ic k ia n  p r e c u r s o r ,  M ills  
e t  a l (1989),
r - v F
(j)(x) = (|>0 exp 5.8
w h e r e  (]) is  th e  c o n c e n t r a t io n  o f  th e  p e n e t r a n t ,  (j)0 is  th e  e q u i l i b r iu m  
c o n c e n t r a t io n  o f  th e  p e n e t r a n t  b e h i n d  th e  f ro n t ,  v  is th e  f r o n t  v e lo c i ty  a n d  D  
is  th e  d i f f u s io n  c o e f f ic ie n t  o f  th e  a c e to n e  in  th e  P V C  a h e a d  o f  th e  f r o n t .
O n e  o f  th e  b e n e f i t s  o f  u s in g  th e  N R A  te c h n iq u e  in  th i s  w o r k  is  t h a t  it  
c o m p le m e n ts  th e  N M R  r e s u l t s .  T h e  v a lu e  o f  d i f f u s io n  c o e f f ic ie n t  o b t a i n e d  is 
t o  b e  i n p u t  in to  a  s im u la t io n  p r o g r a m  to  f i t  to  a  p r o f i le  o b t a in e d  f r o m  th e  
S T R A F I N M R  te c h n iq u e .  In  th is  e x p e r im e n t  th e  s a m p le s  w e r e  e x p o s e d  to  
v a p o u r  w i t h  u n i t  a c t iv i ty  a n d  th e r e f o r e  n o  r e d u c t io n  o f  v a p o u r  a c t iv i ty  w a s  
p o s s ib le ,  a n d  th e  d i f f u s io n  w a s  r a p id .  T h e  p r o f i le s  f r o m  th e  i n d u c t io n  p e r io d  
h a d  to  b e  q u a n t i t a t i v e ly  a n a ly s e d  to  d e te r m in e  th e  d i f f u s io n  c o e f f ic ie n t . T h e  
p r e d i c t e d  s h a p e  w a s  th e  s o lu t io n  o f  F ic k ia n  d i f f u s io n  o f  a  s p e c ie s  in to  a  th ic k  
la y e r  f r o m  a  s o u r c e  w h ic h  h o ld s  th e  s u r f a c e  a t  a  c o n s t a n t  c o n c e n t r a t io n ,
<|)(x) = <t>0 erfc
/4 D T
5.9
w h e re  T  is th e  e x p o su re  tim e.
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5.10.1 ROOM TEMPERATURE EXPERIMENTS.
A  s e t  o f  e x p e r im e n t s  w a s  p e r f o r m e d  o n  s a m p le s  e x p o s e d  to  d e u t e r a t e d  a c e to n e  
v a p o u r  a t  r o o m  t e m p e r a t u r e .  T h e  l a b o r a to r y  t e m p e r a t u r e  w a s  m a in t a in e d  b y  
a n  a i r  c o n d i t i o n in g  s y s t e m  a n d  w a s  2 2 °C  ±  1 °C  t h r o u g h o u t  th e  c o u r s e  o f  th e  
s a m p le  p r e p a r a t i o n .  O n c e  p r e p a r e d  th e  s a m p le s  w e r e  im m e r s e d  in  l iq u id  
n i t r o g e n  a n d  r e m a i n e d  a t  7 0 °K  f o r  th e  d u r a t i o n  o f  th e  e x p e r im e n t .  I n i t ia l ly  
s a m p le s  w e r e  p r e p a r e d  f o r  a  r a n g e  o f  t im e s  to  d e t e r m in e  th e  a p p r o x im a te  
t im e s c a le  a n d  c h a r a c te r i s t i c s  o f  th e  d i f f u s io n .  A t  r o o m  t e m p e r a t u r e  th e  
d i f f u s io n  w a s  r a p i d  w i t h  th e  f i r s t  6 p m  o f  th e  s a m p le  b e in g  p e n e t r a t e d  e v e n ly  
a f t e r  a p p r o x im a te ly  2 m in u te s .  T h is  r e d u c e d  th e  s c o p e  o f  th e  e x p e r im e n ts  
p o s s ib le  a n d  in c r e a s e d  th e  d i f f ic u l ty  a s s o c ia te d  w i t h  th e  s a m p le  p r e p a r a t i o n .  
T h e  t im e  f o r  i n s e r t i o n  a n d  r e m o v a l  o f  th e  s a m p le s  f r o m  th e  c o n ic a l  f la s k  
b e c a m e  s ig n i f i c a n t  w h e n  c o m p a r e d  to  th e  t im e  o f  e x p o s u r e .  E x tr e m e  c a re  w a s  
t a k e n  to  o p e n  a n d  c lo s e  th e  f la s k  a s  q u ic k ly  a s  p o s s ib le ,  h o w e v e r  s o m e  m a r g in  
o f  e r r o r  w a s  o b v io u s ly  i n t r o d u c e d  w i th  s u c h  s h o r t  e x p o s u r e  t im e s .
A ll  th e  f o l lo w in g  p r o f i le s  in  th i s  c h a p te r  h a v e  b e e n  a n a ly s e d  a n d  n o r m a l i s e d  
a s  d e s c r ib e d  in  s e c t io n  5 .9 .2 .5  a n d  a r e  s h o w n  a s  a  f u n c t io n  o f  d e p th .  T h e  
v e r t ic a l  s c a le  is  a  m e a s u r e  o f  th e  y ie ld  o f  p r o to n s  d e t e c t e d  a n d  is  a n  i n d ic a t io n  
o f  c o n c e n t r a t io n  in  a r b i t r a r y  r a t h e r  t h a n  d e f in i te  u n i t s .  F o r  th e s e  e x p e r im e n ts  
w h e r e  th e  o b je c t iv e  w a s  to  d e te r m in e  th e  d i f f u s io n  c o e f f ic ie n t ,  th e  s h a p e  o f  th e  
p r o f i le s  w a s  d e e m e d  m o r e  im p o r t a n t  t h a n  a n  a c c u r a te  v a lu e  fo r  th e  
c o n c e n t r a t io n  o f  p e n e t r a n t  m o le c u le s .  I t  w a s  t h e r e f o r e  s u f f ic ie n t  to  a n a ly s e  
p r o f i le s  o f  a r b i t r a r y  c o n c e n t r a t io n  a g a in s t  d e p t h  r a t h e r  t h a n  d e t e r m i n e  th e  
a c tu a l  c o n c e n t r a t io n .
F ig u r e  5 .1 9  a) a n d  b )  s h o w  th e  p r o f i le  o b t a in e d  f r o m  a s a m p le  e x p o s e d  to  
d e u t e r a t e d  a c e to n e  v a p o u r  f o r  o n e  m i n u t e  a t  2 2 °C . T h e  p r o f i le  s h o w s  a  f la t  
r e g io n  w i t h i n  a p p r o x im a te ly  t h e  f i r s t  2  p m . I t  w a s  t h o u g h t  to  b e  e x t r e m e ly
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F IG U R E  5 .1 9  a ) 1 -D  P R O F IL E  A F T E R  1 M IN U T E  E X P O S U R E  A T  R O O M  
T E M P E R A T U R E
b ) 1 -D  P R O F IL E  A F T E R  1 M IN U T E  E X P O S U R E  A T  R O O M  
T E M P E R A T U R E
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u n l ik e ly  t h a t  th is  w a s  d u e  to  th e  f o r m a t io n  o f  a C a s e  II f r o n t ,  e s p e c ia l ly  w i th  
th e  v e r y  s h o r t  e x p o s u r e  t im e . A  c o n s id e r a b ly  m o r e  l ik e ly  e x p la n a t io n  w a s  th e  
lo s s  o f  s ig n a l  c a u s e d  b y  s u r f a c e  d r y i n g  e f fe c ts  r e s u l t i n g  f r o m  a  d e la y  in  p la c in g  
th e  s a m p le  in  l iq u id  n i t r o g e n .  T h is  h ig h l ig h t e d  th e  n e c e s s i ty  o f  'f r e e z i n g ' th e  
p r o f i l e s  a n d  c o o l in g  th e  s a m p le  h o ld e r  to  a l lo w  th e  e x p e r im e n t  to  b e  
p e r f o r m e d  a t  70°K .
T h e  s h a p e  o f  t h e  p r o f i l e  a f te r  2  p m  in  f ig u r e  5 .19  a) w a s  f i t t e d  w i th  e q u a t io n
5 .9  a n d  is  s h o w n  b y  th e  s o l id  l in e . T h is  y i e ld e d  a  v a lu e  fo r  th e  d i f f u s io n  
c o e f f ic ie n t  o f  5 .385x1  O'11 c m V 1 (±  20 % ). I t  h a s  b e e n  n o te d  b y  s o m e  r e s e a r c h e r s ,  
M ills  e t  a l (1 9 8 9 ), L a s k e y  e t  a l (1 9 8 8 a) t h a t  th e  s h a p e  o f  th e  p r o f i le s  o f  th e  
i n d u c t i o n  p e r i o d  a n d  th e  F ic k ia n  p r e c u r s o r  lo o k  th e  s a m e  q u a l i ta t iv e ly .  
I n d e e d  th e  c o n d i t io n s  a r e  a lm o s t  id e n t ic a l ,  w i th  a  c o n s ta n t  c o n c e n t r a t io n  a t  th e  
s u r f a c e ,  e x c e p t  in  o n e  c a s e  th e  's u r f a c e ' is  r e a l ly  th e  s h a r p  f r o n t  a n d  is m o v in g .  
T o  t e s t  th is  h y p o th e s i s  th e  p r o f i le  w a s  f i t t e d  w i th  e q u a t io n  5 .8  a n d  is  s h o w n  
in  f ig u r e  5 .19  b )  b y  th e  s o l id  l in e ,  g iv in g  a v a lu e  o f  1 .6 2 5 x lO '10 c m 2s '1 (±  20% ). 
T h is  s h o w s  t h a t  i n d e e d  th e  s h a p e  o f  th e  p r o f i le  w a s  w e ll  a p p r o x i m a t e d  b y  th is  
s o lu t io n  e v e n  th o u g h  th e  b o u n d a r y  c o n d i t io n s  w e r e  n o t  s t r i c t ly  a p p r o p r i a t e .
F u r t h e r  s a m p le s  w e r e  p r e p a r e d  a t  r o o m  t e m p e r a tu r e ,  w i th  i m p r o v e m e n t s  to  
s a m p le  h a n d l i n g  to  m in im is e  s u r f a c e  d r y in g  e f fe c ts ,  w i th  e x p o s u r e  t im e s  o f  0.5 
m in u te s  ( t r ia n g le s ) ,  1 m i n u t e  (c irc le s )  a n d  2 m in u te s  ( d ia m o n d s )  a n d  th e  
r e s u l t i n g  p r o f i le s  a r e  in  f ig u r e  5 .20 . T h e  v e r t ic a l  s c a le  h a s  b e e n  n o r m a l i s e d  to  
t h e  d e te c t io n  t im e ,  a l lo w in g  c o m p a r i s o n  o f  th e  d i f f e r e n t  s a m p le s .  T h e  lo s s  o f  
s ig n a l  f r o m  s u r f a c e  d r y i n g  w a s  a g a in  e v id e n t  o n  th e  le f t  h a n d  s id e  o f  th e  
p r o f i le s .  F r o m  th is  i t  w a s  s e e n  t h a t  th e  s a m p le  h a s  b e e n  e v e n ly  p e n e t r a t e d  
o v e r  th e  f i r s t  5  p m  a f te r  2 m in u te s  e x p o s u r e .  T h e  p r o f i le  o b t a in e d  f r o m  th e  1 
m i n u t e  e x p o s u r e  t im e  w a s  f i t t e d  w i t h  e q u a t io n  5.9  to  g iv e  a n o th e r  v a lu e  o f  th e  
d i f f u s io n  c o e f f ic ie n t  a n d  c h e c k  th e  r e p r o d u c ib i l i t y  o f  th e  r e s u l t s .  T h e  f i t  is  
s h o w n  in  f ig u r e  5 .2 1  a n d  g a v e  a  v a lu e  o f  8 .57 X 10 '11 c m V  (±  20 % ), in  g o o d
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a g r e e m e n t  w i th  th e  p r e v io u s  v a lu e  o b ta in e d  f r o m  f ig u r e  5 ! 9  a). In  a d d i t i o n  
to  o b ta in in g  a  v a lu e  o f  th e  d i f f u s io n  c o e f f ic ie n t  f o r  u s e  in  th e  s im u la t io n  
p r o g r a m ,  N R A  w a s  u s e d  to  s h o w  h o w  c h a n g e s  in  e x p e r im e n ta l  p a r a m e t e r s  
s u c h  a s  e x p o s u r e  t e m p e r a t u r e  a f f e c te d  th e  p ro f i le s .
5 .1 0 .2  L O W  T E M P E R A T U R E  E X P E R IM E N T S .
T h e  e f f e c t  o f  a  r e d u c t i o n  in  th e  e x p o s u r e  t e m p e r a t u r e  to  v a p o u r  w a s  to  s lo w  
th e  f r o n t  v e lo c i ty  a s  s h o w n  in  th e  N M R  s e c t io n  o f  t h i s  c h a p te r .  C o n s e q u e n t ly  
a  c o r r e s p o n d in g  l e n g t h e n i n g  o f  th e  i n d u c t i o n  p e r i o d  w a s  e x p e c te d  b e f o r e  th e  
c r i t ic a l  p e n e t r a n t  c o n c e n t r a t io n  w a s  r e a c h e d .  T h is  m e a n t  t h a t  th e  e x p o s u r e  
t im e s  r e q u i r e d  to  s h o w  a  d i f f u s io n  p r o f i le  w e r e  l e n g th e n e d .  I n v e s t ig a t io n s  
s h o w e d  th a t  th e  s a m p le s  c o u ld  b e  e x p o s e d  fo r  a p p r o x im a te ly  3 0  m in u te s  
b e f o r e  th e  f i r s t  6 p m  w e r e  e v e n ly  p e n e t r a t e d .
S a m p le s  w e r e  e x p o s e d  to  d e u t e r a t e d  a c e to n e  v a p o u r  a b o v e  a  l iq u id  r e s e r v o i r  
f o r  a  r a n g e  o f  t im e s  in  a  r e f r i g e r a to r  a t  3 ° C  ±  2 °C . F ig u r e  5 .2 2  is  o f  p r o f i le s  
o b t a in e d  f r o m  s a m p le s  e x p o s u r e d  f o r  2  m in u te s  ( d ia m o n d s ) ,  10 m in u te s  
( s q u a r e s ) ,  15 m i n u t e s  ( t r ia n g le s )  a n d  20  m in u te s  (c irc le s ) , c le a r ly  s h o w in g  
in c r e a s e d  p e n e t r a t i o n  w i t h  t im e . T h e s e  p r o f i le s  in d i c a t e d  t h a t  th e  p e n e t r a t i o n  
r a t e  h a d  d e c r e a s e d  s u b s t a n t i a l l y  w i th  th e  r e d u c t i o n  in  t e m p e r a tu r e .  T h e  
v e r t ic a l  s c a le  h a s  b e e n  n o r m a l i s e d  to  a l lo w  th e  c o m p a r i s o n  o f  p r o f i le s  o b t a in e d  
f r o m  d i f f e r e n t  s a m p le s .  T h e  p r o f i le s  f r o m  10 a n d  1 5  m i n u t e s  e x p o s u r e  t im e s  
w e r e  f i t t e d  w i t h  e q u a t io n  5 .9  to  o b ta in  a  v a lu e s  o f  th e  d i f f u s io n  c o e f f ic ie n t  fo r  
t h e  r e d u c e d  t e m p e r a t u r e  d i f f u s io n ,  f ig u r e  5 .23  a) a n d  b ) . T h e  v a lu e s  o b t a in e d  
w e r e  5 .8 0 x 1  O'12 c m V  (±  20% ) a n d  4 .7 8 x 1  O'12 c m V 1 (±  2 0 % ) r e s p e c t iv e ly .
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F IG U R E  5 .2 3  a )  1 -D  P R O F IL E  A F T E R  1 0  M IN U T E S  E X P O S U R E  A T  3 °C
b )  1 -D  P R O F IL E  A F T E R  15  M IN U T E S  E X P O S U R E  A T 3 ° C
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5.11 D IS C U S S IO N .
O n e  d im e n s io n a l  c o n c e n t r a t io n  d is ta n c e  p ro f i le s  o f  a c e to n e  p e n e t r a t i n g  P V C  
i n  th e  in i t ia l  s t a g e s  o f  C a s e  I I  d i f f u s io n  h a v e  b e e n  o b ta in e d .  A l th o u g h  th e  
o v e r a l l  b e h a v i o u r  o f  th i s  s y s te m  is  C a s e  II , th e  i n d u c t i o n  p e r i o d  is  F ic k ia n  in  
n a tu r e .
A  s im u la t io n  p r o g r a m  w a s  b e e n  w r i t t e n ,  b a s e d  o n  th e  T h o m a s  a n d  W in d le  
t h e o r y  o f  C a s e  II  d i f f u s io n  (1 9 8 2 ), w h ic h  c o m p u te s  c o n c e n t r a t io n  d is t a n c e  
p r o f i le s .  T h e  p r o g r a m  m a y  b e  u s e d  to  m o d e l  th e  p r o f i le s  o b t a in e d  u s i n g  th e  
S T R A F I N M R  te c h n iq u e  to  b e  d i s c u s s e d  in  th e  f o l lo w in g  c h a p te r .  T h e  v a lu e  
o f  th e  d i f f u s io n  c o e f f ic ie n t  o f  th e  p e n e t r a n t  in  th e  g la s s y  p o ly m e r  is  r e q u i r e d  
a s  a n  i n p u t  p a r a m e t e r  to  th e  s im u la t io n  p r o g r a m  a n d  h a s  b e e n  d e t e r m i n e d  
u s i n g  th e  d e p t h  p r o f i l in g  m e th o d .
F o r  th e  f i r s t  t im e  p r o f i le s  o f  th e  p e n e t r a n t  d u r i n g  th e  i n d u c t io n  p e r i o d  h a v e  
b e e n  q u a n t i t a t i v e ly  a n a ly s e d  to  y ie ld  a  v a lu e  o f  th e  d i f f u s io n  c o e f f ic ie n t  o f  
a c e to n e  in  g la s s y  P V C . A t  r o o m  t e m p e r a t u r e  a n d  u n d e r  c o n d i t io n s  o f  u n i t  
a c t iv i ty  o f  a c e to n e  v a p o u r  th e  d i f f u s io n  c o e f f ic ie n t  v a lu e s  a r e  5 .38x1  O'11 a n d  
8 .5 7 x l0 " n  c m V  (±  20% ).
P r e v io u s  s t u d i e s  o f  th e  i n d u c t io n  p e r i o d  o f  C a s e  II  d i f f u s io n  h a v e  b e e n  b a s e d  
o n  a  d e t e r m i n a t i o n  o f  th e  s w e l l in g  k in e t ic s  a n d  th e  v a r i a t i o n  o f  th e  s u r f a c e  
p e n e t r a n t  v o lu m e  f r a c t io n  w i th  t im e  u n t i l  th e  c r i t ic a l  c o n c e n t r a t io n  fo r  f r o n t  
f o r m a t io n  is  r e a c h e d ,  L a s k e y  e t  a l (1 9 8 8 a ). T h e  T h o m a s  a n d  W in d le  m o d e l  h a s  
b e e n  t e s t e d  a s  i t  c a n  b e  u s e d  to  p r e d i c t  th e  s u r f a c e  s w e l l in g  a s  a  f u n c t io n  o f  
e x p o s u r e  t im e  a s  w e l l  a s  to  p r e d i c t  th e  s h a p e  o f  c o n c e n t r a t io n  d i s t a n c e  p ro f i le s .  
T h e  g r o u p  w h o  t e s t e d  th e  m o d e l  f o u n d  t h a t  th e i r  r e s u l t s  s h o w e d  q u a l i t a t iv e ly  
s im i l a r  t r e n d s  to  T h o m a s  a n d  W in d le  b u t  h a d  r e la t iv e ly  p o o r  q u a n t i t a t i v e  
a g r e e m e n t  o f  e x p e r im e n ta l  d a ta .  T h e  te s t in g  o f  th e  T h o m a s  a n d  W in d le  m o d e l  
u s i n g  th e  v a lu e  o f  d i f f u s io n  c o e f f ic ie n t  o b t a in e d  w i t h  th e s e  e x p e r im e n t s  w i l l
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b e  co v ered  in  the  n e x t chap ter.
R e s e a r c h e r s  w h o  h a v e  s t u d i e d  th e  i n d u c t io n  p e r io d  a n d  th e  F ic k ia n  p r e c u r s o r ,  
L a s k e y  e t  a l  (1 9 8 8 a) h a v e  m a d e  q u a l i t a t iv e  s t a t e m e n t s  t h a t  t h e  p r o f i le s  i n  e a c h  
a p p e a r  to  lo o k  v e r y  s im i la r .  B o th  a r e  k n o w n  to  b e  F ic k ia n  in  n a tu r e ,  h o w e v e r ,  
th e y  h a v e  d i f f e r e n t  b o u n d a r y  c o n d i t io n s  w h ic h  a f fe c ts  th e  q u a n t i t a t i v e  
a n a ly s i s .  I t  w o u l d  a p p e a r  t h a t  t h e  p h y s ic a l  p r o c e s s e s  a f f e c t in g  th e  d i f f u s io n  
in  b o t h  c a s e s  a r e  s im i la r  a n d  th e r e f o r e  a  p r o f i le  w a s  f i t t e d  w i t h  b o th  s o lu t io n s .  
T h e  s o lu t io n  w i t h  th e  c o r r e c t  b o u n d a r y  c o n d i t io n s  p r o v i d e d  th e  b e s t  f it, 
h o w e v e r  th e  o th e r  s o lu t io n  a ls o  p r o v i d e d  a  g o o d  f i t  to  t h e  e x p e r im e n ta l  d a ta .  
W h i l s t  th is  t e s t  w a s  n o t  o f  g r e a t  im p o r ta n c e ,  i t  h a s  p r o v i d e d  q u a n t i t a t i v e  
e v id e n c e  to  s u b s t a n t i a t e  th e  c la im s  t h a t  th e  p r o f i le s  o f  th e  in d u c t io n  p e r io d  
a n d  th e  F ic k ia n  p r e c u r s o r  lo o k  a lm o s t  id e n t ic a l .
T h e  e f fe c t  o f  a  r e d u c t io n  in  th e  e x p o s u r e  t e m p e r a t u r e  h a s  b e e n  t e s t e d  b y  
e x p o s in g  th e  s a m p le s  to  v a p o u r  a t  3 °C  fo r  a  r a n g e  o f  t im e s .  T h e  r a t e  o f  
d i f f u s io n  s lo w s  s u b s t a n t i a l l y  y e t  is  s t i l l  F ic k ia n  in  n a t u r e  w i t h  a  ty p ic a l  v a lu e  
o f  th e  d i f f u s io n  c o e f f ic ie n t  o f  5 .40x1  O'12 c m V 1 (±  20% ).
5 .1 2  C O N C L U S I O N S
T h e  w o r k  c o v e r e d  in  th i s  c h a p te r  r e p r e s e n t s  th e  f i r s t  t h o r o u g h  in v e s t ig a t io n  
in t o  th e  d i f f u s io n  c h a r a c te r i s t ic s  o f  a c e to n e  p e n e t r a t i o n  in to  P V C . T h e  
p r e s e n c e  o f  C a s e  II  b e h a v io u r  h a s  b e e n  c o n f i r m e d  u s in g  tw o  d i f f e r e n t ,  y e t  
c o m p le m e n ta r y ,  e x p e r im e n ta l  t e c h n iq u e s  w h ic h ,  w h e n  u s e d  to g e th e r  g iv e  
u n i q u e  p o s s ib i l i t i e s  f o r  s u c h  a  s tu d y .  T h e  in i t ia l  s t a g e s  o f  d i f f u s io n  h a v e  b e e n  
c a p t u r e d  u s in g  th e  I o n  B e a m  N R A  te c h n iq u e ,  p r o v i d i n g  a v a lu e  o f  th e
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d i f f u s io n  c o e f f ic ie n t  f o r  u s e  in  a  s im u la t io n  p r o g r a m  to  m o d e l  th e  p r o f i le s  
o b t a i n e d  u s i n g  N M R  im a g in g .  T h e  N M R  im a g in g  h a s  a l l o w e d  a n  i n s ig h t  in to  
C a s e  II  d i f f u s io n  p r e v io u s ly  u n a v a i l a b le ,  b y  g iv in g  p r o f i le s  o f  th e  s w o l le n  
p o l y m e r  a s  w e l l  a s  th e  p e n e t r a n t .  T h is  h a s  p ro v e d , to  b e  th e  m o s t  e x c i t in g  a r e a  
o f  s t u d y  to  d a t e  a s  i t  h a s  s h o w n  a  s lo p e  to  b e  p r e s e n t  in  th e  s h a p e  o f  th e  
p r o f i l e  b e h in d  th e  f r o n t ,  w h ic h  is  in  c o n t r a d ic t io n  to  a ll p r e v io u s  d o c u m e n te d  
r e s u l t s .  I t  is  t h o u g h t  t h a t  th is  s lo p e  m u s t  b e  d u e  to  p h y s ic a l  p r o c e s s e s  
o c c u r in g  w i t h i n  th e  p o ly m e r  i ts e lf ,  a  p o s tu l a t i o n  w h ic h  h a s  b e e n  s u b s t a n t i a t e d  
b y  N M R  r e la x a t io n  t im e  a n a ly s is .
T h e  r e s u l t s  o f  th e  e x p e r im e n ta l  w o r k  to  d a t e  h a v e  f i r m ly  la id  th e  f o u n d a t io n s  
f o r  f u r th e r  i n v e s t ig a t iv e  s t u d y  in to  C a s e  II d i f f u s io n  o f  a c e to n e  in to  P V C . T h e  
r e q u i r e m e n t  is  fo r  a  t e c h n iq u e  w i th  im p r o v e d  r e s o lu t io n  a n d  th e  a b i l i ty  to  
s t u d y  th e  s o l id  p o ly m e r  in  g r e a t e r  d e ta i l .  I t  is  h o p e d  t h a t  th i s  w ill  v a l id a te  
b o t h  th e  p o s tu l a t i o n s  r e g a r d i n g  C a s e  II d i f f u s io n  a n d  th e  n e w  r e p e t i t iv e  p u l s e  
te c h n iq u e .
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C H A P T E R  6
QUANTITATIVE ANALYSIS OF CASE II DIFFUSION
PROFILES
6 !  I N T R O D U C T I O N
T h e  m a jo r i ty  o f  r e c e n t  s t u d i e s  o f  C a s e  II d i f f u s io n  h a v e  c o n c e n t r a t e d  o n  t e s t i n g  
t h e  th e o r e t i c a l  m o d e l  o f  T h o m a s  a n d  W in d le  (1 9 8 2 ), t h i s  m o d e l  g e n e r a l l y  b e in g  
th e  m o s t  s u c c e s s f u l  in  d e s c r ib in g  th e  o b s e r v e d  b e h a v io u r .  A  l im i t i n g  f a c to r  in  
t h e s e  s tu d i e s ,  a n d  in  th e  m o d e l  i t s e l f  h a s  b e e n  th e  r e s t r i c t i o n  to  a n a ly s i s  o f  
p e n e t r a n t  p r o f i le s  o n ly .  N M R  im a g in g  h a s  a l r e a d y  b e e n  a d d e d  to  th e  w e a l th  
o f  e x p e r im e n ta l  w o r k  d e d ic a t e d  to  u n d e r s t a n d i n g  t h e  p r o c e s s  o f  d i f f u s io n  in to  
g l a s s y  p o ly m e r s  ( W e is e n b e r g e r  a n d  K o e n ig ,  1 9 8 9 a , 1 9 8 9 b ). H o w e v e r ,  l im i t e d  
b y  T 2 r e la x a t io n  t im e s ,  th i s  w o r k  h a s  a g a in  o n ly  y i e l d e d  in f o r m a t io n  o n  th e  
p e n e t r a n t  c o n c e n t r a t io n  p r o f i le s .  T h e  r e q u i r e m e n t  f o r  a n  e x p e r im e n ta l  
t e c h n iq u e  c a p a b le  o f  g iv in g  p r o f i le s  o f  b o t h  p e n e t r a n t  a n d  p o l y m e r  f o r  
q u a n t i t a t i v e  a n a ly s i s  h a s  n o w  b e e n  f i r m ly  e s ta b l i s h e d .
I n  c h a p t e r  5  th e  f i r s t  s t e p s  in  th e  s t u d y  o f  t h e  s w o l le n  p o l y m e r  d u r i n g  C a s e  II  
d i f f u s io n  w e r e  r e p o r t e d  w i t h  th e  u s e  o f  a  n e w  N M R  i m a g in g  s e q u e n c e .  
A l t h o u g h  th i s  t e c h n iq u e  r e p r e s e n t e d  a  m a jo r  a d v a n c e  in  t h i s  a r e a  i t  w a s  
c o n c lu d e d  t h a t  f o r  q u a n t i t a t i v e  a n a ly s i s  im p r o v e m e n t s  to  r e s o l u t i o n  a n d  s ig n a l  
t o  n o i s e  w e r e  r e q u i r e d .  T h is  c h a p te r  r e p o r t s  th e  p r o g r e s s  t h a t  h a s  b e e n  m a d e  
i n  th i s  a r e a  w i t h  t h e  i m p le m e n ta t i o n  o f  a  s h o r t  T 2 N M R  im a g i n g  t e c h n iq u e  
c a l le d  S t r a y  F ie ld  I m a g in g .  F o r  th e  f i r s t  t im e  i n  a  N M R  im a g in g  
e x p e r i m e n t  th e  p e n e t r a n t ,  th e  s w o l le n  p o l y m e r  a n d  th e  r i g i d  p o l y m e r  h a v e
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b e e n  s i m u l t a n e o u s ly  v i s u a l i s e d .  Q u a n t i t a t i v e  d y n a m ic a l  i n f o r m a t io n  a b o u t  th e  
s w o l l e n  p e n e t r a t e d  p o l y m e r  a n d  th e  e f fe c ts  o f  e x p o s u r e  t e m p e r a t u r e  h a v e  b e e n  
o b ta in e d .  H ig h  r e s o lu t io n  13C  N M R  s p e c t r o s c o p y  h a s  b e e n  u s e d  to  
c o m p le m e n t  th e  im a g in g  r e s u l t s  in  o b t a in in g  v a lu a b le  i n f o r m a t io n  a b o u t  th e  
p o l y m e r  p r i m a r y  c h a in  s t r u c t u r e  a n d  c o n f o r m a t io n .
T h e  u s e  o f  d e u t e r a t e d  a c e to n e  in  a  *H N M R  im a g in g  e x p e r im e n t  h a s  g iv e n  
p r o f i l e s  o f  th e  s w o l le n  a n d  r ig id  p o ly m e r  o n ly .  A  p e n e t r a n t  o n ly  p r o f i l e  h a s  
a l s o  b e e n  u s e d  to  t e s t  a  s im u la t io n  p r o g r a m  b a s e d  o n  th e  T h o m a s  a n d  W in d le  
t h e o r y  w h ic h  p r e d i c t s  t h e  p r o f i le  s h a p e .  T h e  e f fe c ts  o f  r e d u c e d  a c t iv i ty  v a p o u r  
o n  th e  d i f f u s io n  b e h a v i o u r  h a v e  b e e n  s t u d i e d  f o r  a  r a n g e  o f  a c t iv i t i e s ,  a n d  th i s  
h a s  g iv e n  v a lu a b le  i n f o r m a t io n  a b o u t  th e  F ic k ia n  p r e c u r s o r  a n d  t h e  l im i t s  o f  
C a s e  I I  b e h a v io u r .
6 3  S T R A Y  F IE L D  M A G N E T I C  R E S O N A N C E  I M A G I N G  T O
S T U D Y  C A S E  II  D I F F U S I O N .
S t r a y  F ie ld  M a g n e t ic  R e s o n a n c e  I m a g in g  (S T R A F I) (S a m o i le n k o  e t  a l  1988 , 
S a m o ile n lc o  a n d  Z ic k  1990) is  a  r e l a t iv e ly  n e w  te c h n iq u e  w h ic h  o v e r c o m e s  
s h o r t  T 2 l im i ta t io n s  o f  c o n v e n t io n a l  im a g in g  e x p e r im e n t s ,  a n d  h a s  th e  
a d d i t i o n a l  a d v a n t a g e  o f  h ig h  s p a t i a l  r e s o lu t io n .  T h e  S T R A F I t e c h n iq u e  h a s  
p r e v i o u s l y  b e e n  u s e d  to  im a g e  r i g id  s o l id  m a te r i a l s  a n d  r e m o v e  m a g n e t i c  
s u s c e p t ib i l i t y  d i s to r t i o n s  c o m m o n ly  p r e s e n t  w h e n  o n e  im a g e s  b o u n d  f lu id  in  
r e s t r i c t e d  g e o m e t r i e s  ( K in c h e s h  e t  a l 1 9 9 2 ). T h is  w o r k  r e p r e s e n t s  th e  f i r s t  
S T R A F I m e a s u r e m e n t s  o f  C a s e  I I  d i f f u s io n  d y n a m ic s  i n  a  p o l y m e r  ( P e r r y  e t  
a l  1994). T h e  p o te n t i a l  o f  S T R A F I fo r  t h e  s t u d y  o f  d i f f u s io n  p r o c e s s e s  is  
e n o r m o u s  a s  i t  o f f e r s  im a g e s  o f  b o t h  s o l id  a n d  l iq u id  c o m p o n e n t s  w h ic h  m a y  
b e  s t u d i e d  to g e th e r  o r  s e p a r a t e ly  i f  d e u t e r a t e d  p e n e t r a n t s  a r e  u s e d .  T h is
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p r o v e s  e s p e c ia l ly  u s e f u l  f o r  g la s s y  p o ly m e r s  w h e r e  th e  d i f f u s io n  is a  r e la x a t io n  
c o n t r o l l e d  p r o c e s s  b a s e d  o n  c h a n g e s  o c c u r r in g  in  th e  p o ly m e r  s t r u c tu r e .  T h e  
t h e o r y  o f  th e  S T R A F I t e c h n iq u e  h a s  b e e n  c o v e r e d  in  c h a p te r  1, h o w e v e r  s o m e  
s a l i e n t  p o in t s  m a y  b e  d i s c u s s e d  f u r t h e r  in  th e  f o l lo w in g  s e c t io n s  w h e r e  
r e le v a n t .
M  E X P E R IM E N T A L  D E T A IL S
T h e  S T R A F I e x p e r im e n t s  w e r e  p e r f o r m e d  a t  B ru k e r  A n a ly t i s c h e  M e s s te c h n ik  
G M B H , R h e in s te t t e n ,  n e a r  K a r l s r u h e ,  in  G e r m a n y .  T h e  s p e c t r o m e te r  u s e d  w a s  
a  B r u k e r  M S L  4 0 0  w i t h  a n  89  m m  b o r e  s u p e r c o n d u c t i n g  m a g n e t  w i th  a  c e n tr a l  
f i e ld  o f  9 .4  T , w h ic h  g iv e s  a  f r in g e  g r a d i e n t  f ie ld  o f  50  T m '1. F ig u r e  6.1 is  a  
p h o t o g r a p h  o f  th e  m a g n e t  u s e d .  In  th i s  v e r y  la r g e  g r a d i e n t  e v e n  a  b r o a d b a n d  
p u l s e  e x c i te s  n u c le i  in  o n ly  a  v e r y  t h i n  s lic e  o f  th e  s a m p le  o r th o g o n a l  to  th e  
g r a d i e n t .  T h e  s l ic e  th ic k n e s s  is  ty p ic a l ly  7 -70  p m  a n d  is  in v e r s e ly  p r o p o r t i o n a l  
to  th e  p u l s e  le n g th .  O b v io u s ly  th e  f ie ld  is  n e i th e r  d y n a m ic  n o r  c o n t r o l la b le  
a n d  th e r e f o r e  th e  d a t a  a c q u is i t io n  a n d  a n a ly s is  t e c h n iq u e  is  d i f f e r e n t  to  t h a t  
n o r m a l ly  e m p lo y e d  in  th e  p r e v io u s  im a g in g  s e q u e n c e s  d e s c r ib e d .  T h e  s a m p le  
is  m o v e d  t h r o u g h  th e  g r a d i e n t  a n d  th e  s ig n a l  i n t e n s i ty  r e c o r d e d  f r o m  e a c h  
s l ic e  a s  i t  p a s s e s  t h r o u g h  th e  s e n s i t iv e  p o s i t io n .  N o  F o u r ie r  t r a n s f o r m a t io n  o f  
th e  s ig n a l  is  r e q u i r e d ,  m a k in g  th e  m e t h o d  m o r e  a n a lo g o u s  to  c o n t in u o u s  w a v e  
N M R .
T h e  s a m p le  s iz e  is  s e t  b y  th e  d im e n s io n s  o f  th e  B r u k e r  p r o b e  a n d  a s s o c ia te d  
s a m p le  h o ld e r .  S a m p le s  m u s t  b e  ty p ic a l ly  10 m m 3 a n d  a r e  s tu c k  o n  to  th e  
h o l d e r  w i t h  s u p e r g lu e .  A  d i a g r a m m a t i c  r e p r e s e n ta t i o n  o f  t h e  p r o b e  is  g iv e n  
i n  f ig u r e  6 .2 . T h e  p r o b e  is a t t a c h e d  to  3  a r m s  c o n n e c te d  to  m o to r s  w h ic h  
m o v e  th e  s a m p le  u p  a n d  d o w n  th e  b o r e  o f  th e  m a g n e t  t h r o u g h  th e  g r a d i e n t  
a n d  a ls o  p r o v i d e  r o t a t i o n  fo r  3 - d  a c q u is i t io n  a n d  s a m p le  a l ig n m e n t .  D a ta  is
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FIGURE 6 !
FIG U RE 6.2
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a c q u i r e d  a s  th e  s a m p le  is  m o v e d  u p w a r d  o n ly ,  a n d  th e  s p e e d  w i t h  w h ic h  i t  
is  m o v e d  m a y  b e  v a r ie d .
6 . 3 !  S A M P L E  P R E P A R A T IO N
S a m p le  b lo c k s  2 5 x 2 5 x 4 0  m m 3 in  s iz e  w e r e  c u t  f r o m  e x t r u d e d  r o d s  p r i o r  to  
e x p o s u r e  to  a c e to n e  v a p o u r .  T h e  b lo c k s  w e r e  p l a c e d  i n  c o n s t a n t  a c e to n e  
v a p o u r  a c t iv i ty  c h a m b e r s  w h ic h  a l l o w e d  c o n t r o l  o f  b o t h  t h e  s a m p le  
p r e p a r a t i o n  t e m p e r a t u r e  a n d  th e  e q u i l i b r iu m  a c e to n e  c o n c e n t r a t io n .  T h e  
b lo c k s  w e r e  e x p o s e d  to  e i t h e r  v a p o u r  a b o v e  a  l i q u i d  a c e to n e  r e s e r v o i r  o r  to  
g r a n u l a r  P V C  m ix e d  w i t h  a c e to n e  e q u i l i b r a t e d  to  a  k n o w n  v o lu m e  r a t i o ,  (j). 
T h e  l a t t e r  g a v e  v a p o u r  o f  r e d u c e d  a c t iv i t i e s  d e p e n d i n g  o n  t h e  v a lu e  o f  <|), a s  
d e s c r ib e d  in  c h a p te r  4.
A f t e r  e x p o s u r e  t h e  b lo c k s  w e r e  c u t  d o w n  to  10 m m  c u b e s  w i t h  o n ly  o n e  
e x p o s e d  fa c e  r e m a in in g ,  id e n t ic a l  to  th e  p r o c e d u r e  a d o p t e d  f o r  th e  r e p e t i t i v e  
p u l s e  N M R  im a g in g  e x p e r im e n ts .  T h is  a l lo w e d  o n e  d im e n s io n a l  p r o f i l i n g  
e x p e r im e n t s  to  b e  c a r r i e d  o u t  a c r o s s  o n e  e x p o s e d  fa c e . O n e  d im e n s io n a l  
p r o f i l i n g  e x p e r im e n ts  a r e  o r d e r s  o f  m a g n i t u d e  f a s te r  to  c a r r y  o u t  t h a n  t w o  a n d  
th r e e  d im e n s io n a l  a n a ly s e s ,  w h ic h  w o u l d  n o t  h a v e  y i e l d e d  a n y  a d d i t i o n a l  
in f o r m a t io n .  B e tw e e n  p r e p a r a t i o n  a n d  m e a s u r e m e n t  th e  s a m p le s  w e r e  s t o r e d  
i n  l i q u i d  n i t r o g e n ,  e x c e p t  f o r  th e  f iv e  h o u r s  r e q u i r e d  to  t r a n s p o r t  t h e m  
b e t w e e n  G u i ld f o r d  a n d  R h e in s te t t e n ,  d u r i n g  w h ic h  t im e  t h e y  w e r e  k e p t  in  a  
v a c u u m  f la s k  c o n ta in in g  ic e , i ts e lf  p r e v io u s ly  c o o le d  w i th  l i q u i d  n i t r o g e n .  I t  
w a s  s t r o n g ly  b e l i e v e d  t h a t  n o  d i f f u s io n  o r  d y n a m ic a l  c h a n g e s  t o o k  p la c e  
d u r i n g  th i s  p e r io d .
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6.4 SPIN SPIN RELAXATION TIME MEASUREMENTS
I n  o r d e r  to  a id  c h a r a c te r i s a t io n  o f  m a s s  e q u i l i b r a t e d  s a m p le s  o f  P V C  e x p o s e d  
t o  a c e to n e  a n d  d e u t e r a t e d  a c e to n e  v a p o u r ,  th e  h y d r o g e n  s p i n  s p i n  r e la x a t io n  
t im e s  w e r e  m e a s u r e d  a t  30  M H z  a n d  a t  r o o m  te m p e r a tu r e .  T h e  s a m p le s  w e r e  
p r e p a r e d  a t  a  r a n g e  o f  e x p o s u r e  t e m p e r a tu r e s  u s in g  th e  l iq u id  a c e to n e  
r e s e r v o i r .  A s  fo r  th e  e x p e r im e n ts  d e s c r ib e d  in  c h a p te r  5 , th e  f o l lo w in g  C P M G  
s e q u e n c e  w a s  u s e d ,  9 0 x-x -(1 8 0 y-x -e c h o -x -)n w i th  a  b a s e l in e  a c q u i s i t io n  a n d  a  
t y p ic a l  v a lu e  o f  90  f o r  n . A d d i t io n a l ly ,  th e  F ID  w a s  r e c o r d e d  u p  to  t h e  first- 
r e f o c u s s in g  p u l s e  in  o r d e r  to  a c c u r a te ly  r e c o r d  a n y  s h o r t  c o m p o n e n t s  p r e s e n t .  
T h e  s e q u e n c e  w a s  r u n  fo r  x v a lu e s  o f  140 p s ,  2 4 0  p s , 4 0 0  p s  a n d  8 0 0  p s , 
r e c o r d i n g  100 a v e r a g e s  fo r  e a c h  s a m p le .  T h e  s a m p le s  w e r e  a p p r o x im a te ly  
12 m m  in  l e n g th  a n d  8 m m  d ia m e te r ,  th e  e x a c t  s iz e  d e p e n d i n g  o n  th e  
t e m p e r a t u r e  a n d  l e n g th  o f  e x p o s u r e .  A ll e x p e r im e n t s  w e r e  p e r f o r m e d  in  a  
s o le n o id  c o il w i th  9 0 °  a n d  180° p u ls e  le n g th s  o f  a p p r o x i m a t e l y  2 .5  p s  a n d  5  p s . 
T h e s e  v a lu e s  a l t e r e d  b y  n o  m o r e  th a n  1 0 %  d u e  to  c o il  d e t u n i n g  a n d  e q u i p m e n t  
v a r i a t i o n s  d u r i n g  th e  c o u r s e  o f  th e  e x p e r im e n ts ,  w h ic h  to o k  tw o  to  th r e e  
w e e k s  to  p e r f o r m .
S a m p le s  w e r e  p r e p a r e d  u n d e r  th e  s a m e  c o n d i t io n s  a s  fo r  th e  im a g in g  
e x p e r im e n t s  a n d  w e r e  fu l ly  m a s s  e q u i l i b r a t e d  p r io r  to  th e  e x p e r im e n t s .  
S a m p le s  w e r e  p r e p a r e d  fo r  e x p o s u r e  t e m p e r a tu r e s  o f  2 0°, 3 0 ° , 40° a n d  50° a s  
w e l l  a s  f o r  a  s a m p le  p r e p a r e d  w i th  d e u t e r a t e d  a c e to n e  a t  2 0 °C . B e s t f i ts  to  th e  
d a t a  w e r e  o b t a in e d  u s in g  th r e e  c o m p o n e n t  e x p o n e n t ia l  d e c a y s  f i t t e d  to  th e  
c u r v e s  f r o m  th e  140  p s  a n d  80 0  p s  p u l s e  g a p  d a ta .  F ig u r e  6 .3  s h o w s  s u c h  a  
d a t a s e t  f o r  a n  e x p o s u r e  t e m p e r a tu r e  o f  2 0  °C  w i th  th e  140 p s  d a t a  r e p r e s e n t e d  
b y  th e  s o l id  s q u a r e s ,  th e  800  p s  d a ta  r e p r e s e n te d  b y  th e  o p e n  s q u a r e s  a n d  th e  
f i t  r e p r e s e n t e d  b y  th e  s o l id  l in e .
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F IG U R E  6.3  C P M G  R E S U L T S  F O R  A  S A M P L E  E X P O S E D  T O  A C E T O N E
V A P O U R  A T  20  C
Such fits gave average T2 values of 90 ps, 2.0 ms and 25 m s (± 20%), with  
relative am plitudes o f 0.21, 0.17 and 0.62 (± 20%). These results seem  to be 
consistent w ith those discussed in chapter 5, w ith similar values of the three 
com ponents, although the values of the relative am plitudes have changed  
quite significantly. The am plitude of the shortest com ponent is 0.21 for the 
fully mass equilibrated sam ple but w as 0.52 for the partially equilibrated 
sample. The am plitude of the longest com ponent also sh ow s an increase from  
0.27 to 0.62. These changes are very interesting, and, as w ill be seen, could be 
due to changes to the PVC chains w hich continue to occur even after they  
have been sw ollen  by the acetone.
W hen the experim ents were repeated w ith sam ples prepared w ith deuterated  
acetone vapour, the T2 values obtained were 90 ps, 1.5 ms and 30 m s (± 20%),
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w i t h  r e la t iv e  a m p l i t u d e s  o f  0 .52 , 0 .3 2  a n d  0 .16  (±  2 0 % ). A s  n o te d  in  c h a p te r  
5 , th e  lo n g  T 2 c o m p o n e n t  is  t h o u g h t  to  b e  d u e  p r i m a r i l y  to  th e  a b s o r b e d  
m o b i le  a c e to n e  a n d  th e  s h o r t  c o m p o n e n t  is  a t t r i b u t a b l e  to  th e  s w o l le n  P V C . 
T h e  lo n g  c o m p o n e n t  e x h ib i te d  b y  th e  s a m p le  e x p o s e d  to  d e u t e r a t e d  a c e to n e  
is  a lm o s t  c e r t a in ly  th e  r e s u l t  o f  c h e m ic a l  e x c h a n g e  o c c u r r in g  d u r i n g  th e  lo n g  
p r e p a r a t i o n  p e r io d ,  a n d  is n o ta b ly  m u c h  s m a l le r  in  m a g n i t u d e  th a n  th e  o th e r  
c o m p o n e n t s .  T h e  m i d d l e  c o m p o n e n t  is  t h o u g h t  to  b e  d u e  to  e i th e r  b r o k e n ,  
a n d  h e n c e  m o r e  m o b i le  p o ly m e r  c h a in s ,  o r  a  c o m b in a t io n  o f  b o u n d  a c e to n e  
a n d  P V C .
6J5 B A S IC  C A S E  I I  D I F F U S I O N  P R O F IL E S
A ll  th e  f o l lo w in g  S T R A F I e x p e r im e n ts  d e s c r ib e d  w e r e  p e r f o r m e d  o v e r  tw o  
d a y s ,  a n d  a l l  m e a s u r e m e n t s  w e r e  m a d e  a t  r o o m  t e m p e r a tu r e .  T h e  o b je c t iv e s  
o f  th e  f i r s t  s e t  o f  m e a s u r e m e n t s  w e r e  to  b e c o m e  f a m i l ia r  w i t h  th e  c a p a b i l i t i e s  
o f  th e  te c h n iq u e ,  to  o b ta in  s o m e  b a s ic  p r o f i le s  a n d  to  o p t im is e  th e  
e x p e r im e n ta l  p a r a m e t e r s  fo r  th e  r e m a in d e r  o f  th e  e x p e r im e n t s .
6 .5 .1  U N P E N E T R A T E D  R IG ID  P V C
D u r i n g  th e  c o u r s e  o f  a ll  th e  f o l lo w in g  e x p e r im e n ts  c e r ta in  N M R  p a r a m e t e r s  
r e m a i n e d  c o n s t a n t  a n d  s o , to  a v o id  u n n e c e s s a r y  r e p e t i t i o n  t h e y  a r e  m e n t io n e d  
n o w  a n d  th e n  a s s u m e d  to  r e m a in  c o n s ta n t  t h r o u g h o u t  th e  f o l lo w in g  s e c t io n s .  
T h e  e x p e r im e n t s  w e r e  a ll  p e r f o r m e d  a t  r o o m  t e m p e r a t u r e ,  th e  g r a d i e n t  
s t r e n g t h  w a s  5 0  TnV 1 a n d  th e  N M R  f r e q u e n c y  w a s  160  M H z . T h e  v e lo c i ty  o f  
th e  s a m p le ,  a l t h o u g h  n o t  c o n s t a n t  f o r  a l l  m e a s u r e m e n t s ,  w a s  in  th e  r a n g e  
5  m m s '1 to  2 0  m m s '1 w i t h  th e  s lo w e r  s p e e d s  c o r r e s p o n d i n g  to  th e  h ig h e r  
r e s o l u t i o n  m e a s u r e m e n ts .
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F ig u r e  6 .4  s h o w s  a  o n e  d im e n s io n a l  p r o f i le  o f  a  s a m p l e  o f  r i g i d  u n p e n e t r a t e d  
P V C . T h e  p r o f i l e  w a s  t h e  r e s u l t  o f  256  a v e r a g e s  o f  s ig n a l  f r o m  th e  f i r s t  e c h o  
o n ly .  T h e  p ix e l  r e s o l u t i o n  w a s  3 9  p m , th e  e c h o  t im e  u s e d  w a s  2 t = 100  p s  a n d  
t h e  p u l s e  l e n g t h  w a s  2 0  p s . T h e  c o n n e c t in g  l in e  is  a d d e d  f o r  e a s e  o f  v ie w in g .  
T h e  s p ik e  o n  t h e  r i g h t  h a n d  s i d e  o f  th e  s a m p le  a t  1 0  m m  o n  th e  d i s t a n c e  s c a le  
r e p r e s e n t s  t h e  g l u e  u s e d  to  s t ic k  th e  s a m p le  o n  t o  th e  h o ld e r .  T h e  T 2 o f  th e  
r i g i d  P V C  w a s  to o  s h o r t  to  b e  a c c u r a te ly  d e t e r m i n e d  u s i n g  th e  e q u i p m e n t  i n  
th e  l a b o r a t o r y  a t  S u r r e y ,  h o w e v e r  e s t im a te s  in d i c a t e  t h a t  i t  w a s  c e r ta in ly  le s s  
t h a n  2 0  p s . T h e  a d v a n t a g e s  o f  th e  S T R A F I t e c h n iq u e  f o r  t h e  im a g in g  o f  s h o r t  
T 2 m a te r i a l s  b e c o m e s  im m e d ia t e ly  e v i d e n t  w h e n  c o n s id e r in g  f ig u r e  6 .4 . T h e  
r e p e t i t i v e  p u l s e  t e c h n iq u e  o f  c h a p te r  5  g a v e  a  s ig n i f i c a n t  i m p r o v e m e n t  f o r  
s h o r t  T 2 c o m p o n e n t s  o f  th e  o r d e r  o f  100  - 40 0  p s  b u t  c o u ld  n o t  v i s u a l i s e  th e  
r i g i d  P V C . U s i n g  S T R A F I i t  i s  n o w  p o s s ib le  to  s t u d y  th e  r i g id  p o ly m e r  i n  
a d d i t i o n  to  o b t a i n i n g  a  f u r t h e r  m a jo r  i m p r o v e m e n t  i n  th e  s ig n a l  to  n o is e  o f  t h e  
s ig n a l  f r o m  th e  s w o l l e n  p o ly m e r .
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FIGURE 6.4 1-D PROFILE OF A RIGID PVC SAMPLE
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6.5.2 PVC AND ACETONE VAPOUR
F ig u r e  6 .5  s h o w s  a  ty p ic a l  o n e  d im e n s io n a l  p r o f i l e  o f  a  P V C  s a m p le  t h a t  h a s  
b e e n  e x p o s e d  to  a c e to n e  v a p o u r  o b t a in e d  u s i n g  S T R A F I. T h e  s a m p le  w a s  
p r e p a r e d  a t  20  °C  f o r  4 8  h o u r s  u s in g  th e  l iq u id  a c e to n e  r e s e r v o i r .  T h e  p ix e l  
r e s o l u t i o n  w a s  78  p m , th e  p u l s e  l e n g th  w a s  10 p s  a n d  th e  e c h o  t im e  u s e d  w a s  
2 x = 1 0 0  p s . T h e  p r o f i l e  w a s  th e  r e s u l t  o f  s u m m i n g  th e  f i r s t  f o u r  e c h o e s  a n d  
in c l u d e d  25 6  a v e r a g e s .  B e fo re  p r e s e n t in g  f u r t h e r  r e s u l t s  p r in c ip le  f e a tu r e s  a r e  
e x p la in e d ,  w h ic h  w i l l  a ls o  a p p ly  to  m o s t  o f  th e  r e s u l t s  d i s c u s s e d  l a t e r  in  th e  
c h a p te r .
T h e  a c e to n e  h a s  p e n e t r a t e d  th e  s a m p le  f r o m  th e  le f t ,  th e  f r o n t  fa c e  o f  th e  P V C  
b e in g  a t  0 m m  o n  th e  s c a le . T h e  m a in  p e a k  w a s  th e  c o m b in e d  s ig n a l  c o m in g  
f r o m  th e  p e n e t r a t i n g  a c e to n e  a n d  th e  s w o l le n  r u b b e r y  P V C . I t  w a s  s l ig h t ly  
r o u n d e d  o n  th e  le f t  d u e  to  s u r f a c e  d r y in g  a n d  o n  th e  r i g h t  d u e  to  d i f f u s io n  
d y n a m ic s .  T h e  d o w n w a r d  s lo p e  o f  th e  m a in  p e a k ,  to  b e tw e e n  o n e  t h i r d  a n d  
o n e  h a l f  th e  m a x im u m  in te n s i ty ,  a s  i t  g o e s  in to  th e  s a m p le  w a s  c h a r a c te r i s t ic  
o f  a ll  th e  s a m p le s  s t u d i e d ,  a s  w a s  th e  s h a r p  f r o n t ,  s e e n  h e r e  a t  3  m m . B e h in d  
th e  f r o n t  th e  r ig id  P V C  w a s  s e e n  u p  to  11 m m . T h e  s m a l l  p e a k  a t  11 m m  w a s  
s ig n a l  f r o m  th e  s u p e r  g lu e  u s e d  to  m o u n t  th e  s a m p le  to  th e  p r o b e .
T h e  m a jo r i ty  o f  f u r t h e r  p r o f i le s  w il l  s h o w  o n ly  th e  m a in  p e a k  a s  th is  is  th e  
p r in c ip l e  a r e a  o f  i n t e r e s t  a n d  th is  a l lo w s  i t  to  b e  o b s e r v e d  in  m o r e  d e ta i l  t h a n  
i f  t h e  p r o f i le  o f  a  c o m p le te  s a m p le  is  s h o w n .  W h e r e ,  in  f u tu r e  a n a ly s i s ,  
p r o f i le s  a r e  to  b e  c o m p a r e d  to  e a c h  o th e r  n o r m a l i s a t i o n  to  th e  r i g id  P V C  
c o m p o n e n t  w a s  p e r f o r m e d .  S in c e  th e  in te n s i ty  o f  th e  r ig id  P V C  c o m p o n e n t  
w a s  i d e n t i c a l  fo r  a l l  t h e  s a m p le s  th is  r e m o v e s  a n y  e r r o r  d u e  to  e x p e r im e n ta l  
v a r i a t io n s .  I n  a ll  f u r t h e r  p r o f i le s  w h e r e  l in e s  c o n n e c t in g  p o in t s  h a v e  b e e n  
a d d e d  th i s  is  fo r  e a s e  o f  v ie w in g .
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F IG U R E  6 .5  1 -D  P R O F IL E  O F  A  S A M P L E  E X P O S E D  T O  A C E T O N E
V A P O U R
1 5 6
T h e  a c e to n e  a n d  P V C  s h o w e d  a s  a c o n s id e r a b ly  m o r e  in te n s e  p e a k  th a n  th e  
r i g id  P V C . T h is ,  in  p a r t ,  w a s  d u e  to  th e  e x t r a  h y d r o g e n  p r e s e n t ,  b u t  th e  
g r e a t e r  p a r t  o f  th e  in c r e a s e  r e s u l t e d  f r o m  th e  l o n g e r  s p in - s p i n  r e l a x a t io n  t im e s  
o f  th e s e  c o m p o n e n t s  s o  t h a t  m o r e  s ig n a l  w a s  r e m a i n i n g  a t  th e  t im e  o f  th e  
e c h o e s . T h e  s p in - s p i n  r e la x a t io n  t im e  o f  th e  r i g i d  p o l y m e r  w a s  s ig n i f i c a n t ly  
le s s  t h a n  % w h e r e a s  th e  s p in - s p in  r e la x a t io n  t im e s  o f  th e  o t h e r  c o m p o n e n t s  
w e r e  s ig n i f ic a n t ly  lo n g e r .  T h is  w a s  th e  f i r s t  N M R  p o ly m e r  d i f f u s io n  
e x p e r im e n t  in  w h ic h  th e  c o m p le te  s a m p le  h a s  b e e n  s e e n ,  i n s t e a d  o f  j u s t  th e  
m o r e  m o b i le  c o m p o n e n t s .
6 .5 .3  P V C  A N D  D E U T E R A T E D  A C E T O N E  V A P O U R
T o  o b ta in  a  p r o f i le  o f  o n ly  a c e to n e  c o n c e n t r a t io n  u s in g  N M R , p r o f i l e s  f r o m  
tw o  d i f f e r e n t  s a m p le s  m u s t  b e  u s e d .  A c e to n e - d 6 is  u s e d  in  th e  p r e p a r a t i o n  o f  
o n e  o f  th e  s a m p le s  a n d  o r d i n a r y  a c e to n e  fo r  th e  o th e r .  A c e to n e - d 6 is  
s u b s e q u e n t l y  n o t  d e t e c t e d  a t  th e  f r e q u e n c y  u s e d  f o r  p r o t o n  N M R . T h e r e f o r e  
th e  p h y s ic a l  s t a t e  o f  b o t h  th e  s a m p le s  u s e d  in  th i s  e x p e r im e n t  is id e n t i c a l  y e t  
N M R  m e a s u r e m e n t s  o f  b o th  g iv e  o n e  p r o f i l e  w i th  s ig n a l  f r o m  a ll c o m p o n e n t s  
a n d  o n e  p r o f i le  w i t h  s ig n a l  f r o m  o n ly  th e  P V C  c o m p o n e n t s .  S u b t r a c t io n  o f  
o n e  f r o m  th e  o th e r  g iv e s  a  ty p ic a l  p r o f i le  o f  o n ly  th e  a c e to n e  c o n c e n t r a t io n .  
T h is  e x p e r im e n t  w a s  p e r f o r m e d  u s in g  tw o  s a m p le s  i d e n t i c a l ly  p r e p a r e d  a t  
2 0 °C  a n d  w i t h  a  v a p o u r  a c t iv i ty  o f  0 .82  fo r  48 h o u r s .
F ig u r e  6 .6  a ) s h o w s  th e  m e a s u r e d  p ro f i le s .  T h e  a c e to n e  h a s  p e n e t r a t e d  
a p p r o x im a te ly  2 m m  in to  th e  s a m p le  in  th e  48  h r s  e x p o s u r e  t im e . O n ly  th e  
m a i n  p e a k s  a r e  s h o w n  in  th e  f ig u r e s .  T h e  p r o f i le s  a r e  th e  r e s u l t  o f  256  
a v e r a g e s  a n d  th e  s u m  o f  th e  f i r s t  f o u r  e c h o e s  o f  th e  e c h o  t r a in .  T h e  e c h o  t im e  
w a s  100  p s ,  th e  p u l s e  l e n g th  w a s  10 p s  a n d  th e  p ix e l  r e s o lu t io n  w a s  78  p m . 
T h e  p r o f i l e  f r o m  th e  s a m p le  e x p o s e d  to  a c e to n e  is  i n d i c a t e d  b y  th e  s q u a r e s  
a n d  th e  s a m p le  e x p o s e d  to  a c e to n e - d 6 is  i n d ic a te d  b y  th e  c irc le s . T h e  m id d le
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t r a c e ,  s h o w n  b y  t r i a n g le s  is  th e  r e s u l t  o f  s u b t r a c t io n  o f  th e  a c e to n e - d 6 p r o f i le  
f r o m  th e  a c e to n e  p r o f i le  a n d  is  th e r e f o r e  a  p r o f i le  i n d ic a t in g  th e  p e n e t r a n t  
c o n c e n t r a t io n  o n ly .
T h e  u s e  o f  tw o  d i f f e r e n t  s a m p le s  in t r o d u c e s  th e  p r o b le m  o f  r e p r o d u c ib i l i t y  o f  
p r o f i l e s  d u e  to  v e r y  s l i g h t  v a r i a t io n s  in  s a m p le  s iz e ,  m o u n t i n g  a n d  
s p e c t r o m e te r  d r i f t .  T h e  a p p a r e n t  v a r i a t i o n  in  p e n e t r a t i o n  d e p t h  b e tw e e n  th e  
s a m p le s  is  a p p r o x im a te ly  0 .2  m m . T h e  p r o f i le s  h a v e  b e e n  a d ju s t e d  to  e n s u r e  
t h a t  th e  C a s e  II  f r o n t s  a r e  in  t h e  s a m e  p o s i t i o n  p r i o r  to  s u b t r a c t io n .  M o r e o v e r  
t h e  p r o f i le s  a r e  n o r m a l i s e d  to  th e  s a m e  r ig id  P V C  in te n s i ty .  In  d o i n g  th is  th e  
im p l i c i t  a s s u m p t i o n  is m a d e  th a t  in  th e  r e g io n  2 m m  to  10 m m  th e r e  is  
n e g l ig ib le  F ic k ia n  p r e c u r s o r ,  a n d  c o n s e q u e n t ly  th e  a c e to n e  o n ly  p r o f i l e  s h o w s  
n o  p r e c u r s o r .  I t  is  h o w e v e r  e v i d e n t  in  th e  p r o f i le s  in  f ig u r e s  6 .1 0  a n d  6.11 
w h ic h  h a v e  h a d  n o  s u c h  n o r m a l i s a t io n .
F ig u r e  6 .6  b ) s h o w s  o n ly  th e  p e n e t r a n t  c o n c e n t r a t io n  p r o f i le .  T h is  p r o f i l e  w a s  
c o m p a r a b le  to  th o s e  o b ta in e d  b y  o t h e r  r e s e a r c h e r s  w h o  h a v e  o n ly  o b s e r v e d  
p e n e t r a n t  p r o f i le s .  I t  s h o w s  r o u n d i n g  e r r o r s  o n  th e  le f t  h a n d  s id e  o f  th e  
p r o f i l e  d u e  to  s u r f a c e  d r y i n g  a n d  o n  th e  r i g h t  d u e  to  th e  f in i te  e x p e r im e n ta l  
r e s o lu t io n .  N e v e r th e l e s s ,  i t  s h o w s  th a t  th e  c o n c e n t r a t io n  g r a d i e n t  is  n e g l ig ib le ,  
a s  p r e d i c t e d  b y  T h o m a s  a n d  W in d le  (1982). T h is  le a d s  to  t h e  c o n c lu s io n  t h a t  
t h e  c o n s id e r a b le  s lo p e  s e e n  in  th e  m a in  p e a k  o f  p r o f i le s  s u c h  a s  t h a t  in  f ig u r e
6 .5  is  d u e  to  th e  s w o l le n  p o ly m e r ,  a n d  th e  a c e to n e  is  u n i f o r m ly  a b s o r b e d  to  
f o r m  a  r e c t a n g u l a r  p e d e s t a l  p a r t  o f  th e  p ro f i le .  T h e  p r o f i l e  in  f ig u r e  6 .6  b )  
w a s  u s e d  to  t e s t  th e  T h o m a s  a n d  W in d le  th e o r y  w h ic h  p r e d i c t s  th e  s h a p e  o f  
th e  p r o f i le s .
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6.6 THOM AS AND WINDLE THEORY SIMULATION
P R O G R A M
A s  d i s c u s s e d  in  c h a p te r  2  a  p r o g r a m  w a s  w r i t t e n  w h ic h  s im u la te s  d i f f u s io n  
p r o f i l e s  a c c o r d in g  to  th e  T h o m a s  a n d  W in d le  t h e o r y  o f  C a s e  II  d i f f u s io n .  T h e  
p a r a m e te r s  u s e d  in  th e  p r o g r a m  a re :
T|0 =  v is c o s i ty  o f  th e  u n s w o l l e n  p o ly m e r  
k  =  e / v
aj =  a c t iv i ty  a t  s p a c e s t e p  i
D ; =  d i f f u s io n  c o e f f ic ie n t  a t  s p a c e s te p  i
(V JN a) =  m o le c u la r  v o lu m e  o f  p e n e t r a n t
8x  =  w i d t h  o f  s p a c e s te p s
T  =  t e m p e r a t u r e
R  =  m o la r  g a s  c o n s t a n t
M  =  c o n s t a n t
v , =  v o lu m e  r a t io  a t  s p a c e s t e p  i 
T S T E P  =  t im e s  te p  le n g th
T h e  lo g a r i th m ic  p r e  f a c to r s  in  e q u a t io n  2 .1 8  m a y  b e  c o m b in e d  to  g iv e  a  s in g le  
p a r a m e t e r  B f o r  e a s e  o f  c o m p u t in g ,
( v xNA) k n  o
T h e  p r o g r a m  w a s  f i r s t  t e s t e d  u s in g  th e  o r ig in a l  p a r a m e t e r s  f o r  m e th a n o l  a n d  
P M M A  q u o t e d  b y  T h o m a s  a n d  W in d le .  T h e s e  a re :
(V .N a) =  4 0 .5  x lO '6 m 3 
k  =  0 .23
T]0 =  2 x lO 14 N s m " 2 
R  =  8 .31  J K 1 m o l '1
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T  =  2 9 7  K
S o , B =  1 .35  x lO '6
M  =  15
T S T E P  =  15 s
5 x  =  2  x lO '5 m
N u m b e r  o f  s p a c e s te p s  =  25
D  =  1 x lO '14 m V  f o r  t h e  g la s s y  s ta te ,  r i s in g  e x p o n e n t ia l ly  to  5 x lO '12 m V 1 
f o r  e q u i l i b r iu m  s o r p t io n .
T h e  in i t i a l  c o n d i t io n s  w e r e  s e t  to
a (i=l) - 1
a (i*l) = 1 xlO"5
V(n=l) =: 1 x l(V
T h e  e f f e c t  o f  c h a n g in g  c e r ta in  p a r a m e te r s  w a s  t e s te d .  F ig u r e  6 .7  a) s h o w s  th e  
p r o f i le s  o b t a in e d  e q u iv a l e n t  to  4 8  h o u r s  e x p o s u r e  w i th  th r e e  d i f f e r e n t  v is c o s i ty  
v a lu e s ,  1 x lO 14 N sn V 2 ( s q u a r e s ) ,  2 x lO 14 N s m '2 (c irc le s )  a n d  5 x lO 14 N s n T 2 
( t r ia n g le s )  a n d  th e  e f fe c t  o f  r e d u c in g  a n d  in c r e a s in g  th e  v is c o s i ty  is  c le a r ly  
s e e n .  T h e  d i f f u s io n  c o e f f ic ie n t  w a s  th e n  a l t e r e d  a n d  f ig u r e  6 .7  b ) s h o w s  th e  
p r o f i l e s  o b t a i n e d  e q u iv a l e n t  to  4 8  h o u r s  e x p o s u r e  w i t h  v a lu e s  o f  1 xlO "14 m 2s _1, 
( s q u a r e s ) ,  1 x l O 15 m V 1 (c irc le s )  a n d  2 x lO '14 m V  ( t r ia n g le s ) .  T h e s e  p r o f i le s  
r e p r o d u c e d  th e  r e s u l t s  o b t a in e d  b y  T h o m a s  a n d  W in d le .  F o l lo w in g  th e  
s u c c e s s f u l  t e s t  o f  th e  s im u la t io n  p r o g r a m ,  th e  f o l lo w in g  p a r a m e t e r s  w e r e  
i n p u t ,  to  p r o d u c e  p r o f i le s  r e p r e s e n ta t i v e  o f  th e  P V C  a n d  a c e to n e  s y s te m :
(V nN a) =  73 .3  x lO ’6 m 3 
R  =  8 .31  JK '1 m o l '1 
T  =  29 5  K  
M  =  15
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F IG U R E  6 .7  T H E O R E T IC A L  P R O F IL E S  E O IV A L E N T  T O  4 8  H O U R S
E X P O S U R E  a ) F O R  V IS C O S IT IE S  O F  1 X I O'* N s m '2 
(S Q U A R E S ) . 2  X 1014 N sn V 2 (C IR C L E S ) A N D  5  X 1 0 u  N sm ~ 2 
(T R IA N G L E S )  A N D  b )  F O R  D I F F U S I O N  C O E F F IC IE N T S  
O F  1 X i a 14 m 2S~‘ (S Q U A R E S ) . 1 X IO '15 M ’S '1 (C IR C L E S ) 
A N D  2 X I O'14 m ’S '1 (T R IA N G L E S )
1 6 2
T S T E P  =  15 s  
5 x  =  5  x lO '5 m
N u m b e r  o f  s p a c e s t e p s  =  100
D  =  5 x lO '15 m V 1 f o r  th e  g la s s y  s ta te ,  r i s i n g  e x p o n e n t ia l ly  t o  3 .5  x lO '12 i rP s '1 
f o r  e q u i l i b r iu m  s o r p t io n .  T h e  in i t ia l  c o n d i t io n s  r e m a i n e d  t h e  s a m e  a s  b e f o r e .
T h e  v a lu e  o f  th e  d i f f u s io n  c o e f f ic ie n t  w a s  th a t  m e a s u r e d  u s in g  th e  d e p t h  
p r o f i l i n g  N R A  t e c h n iq u e  d i s c u s s e d  in  c h a p te r  5 . A  th e o r e t i c a l  p r o f i le  w a s  
g e n e r a t e d  e q u iv a l e n t  to  4 8  h o u r s  e x p o s u r e  u s in g  a  v a lu e  o f  B c h o s e n  to  f i t  th e  
N M R  e x p e r im e n ta l .  T h e  p a r a m e te r  B, a s  d e s c r ib e d  in  e q u a t io n  6.1 is  m a d e  u p  
o f  a  n u m b e r  o f  p a r a m e te r s  a n d  fo r  th e  a c e to n e  a n d  P V C  s y s t e m  th e  v a lu e s  o f  
th e  m o le c u la r  v o lu m e ,  t e m p e r a tu r e  a n d  t h e  g a s  c o n s t a n t  a r e  f ix e d ,  l e a v in g  th e  
p r o d u c t  (k rj0) a s  th e  o n ly  v a r ia b le .  I t  w a s  n o t  p o s s ib le  to  o b t a in  a n  e x a c t  v a lu e  
f o r  t h e  v is c o s i ty  o f  r i g id  P V C , h o w e v e r  i t  h a s  b e e n  s h o w n  t h a t  u n d e r  c e r t a in  
c o n d i t io n s  i t  is  c o m p a r a b le  to  t h a t  o f  P M M A  ( T u r n e r  1973). T h e  v a lu e  o f  B 
r e q u i r e d  to  o b ta in  a  g o o d  f i t  to  th e  e x p e r im e n ta l  d a ta  w a s  4 .0  x lO '6. U s in g  
e q u a t i o n  6.1 th is  g iv e s  8 .4  x lO 12 fo r  (k r |0). A s s u m in g  t h a t  th e  v a lu e  o f  k  is  
a p p r o x i m a t e l y  e q u a l  to  t h a t  u s e d  fo r  m e th a n o l  a n d  P M M A , th e n  th e  v i s c o s i ty  
w o u l d  b e  3 .6  x lO 13, w h ic h  s h o w s  r e a s o n a b ly  g o o d  a g r e e m e n t  w i th  t h e  v a lu e  
f o r  P M M A .
T h e  s i m u l a t e d  p r o f i le  is  in  f ig u r e  6 .8 . I t  s h o w s  n e g l ig ib le  c o n c e n t r a t io n  
g r a d i e n t ,  a s  p r e d i c t e d ,  a n d  a  v e r y  s h o r t  F ic k ia n  p r e c u r s o r .  T h is  th e o r e t i c a l ly  
g e n e r a t e d  p r o f i le  o f  C a s e  II  d y n a m ic s ,  u s in g  a  v a lu e  f o r  th e  d i f f u s io n  
c o e f f ic ie n t  m e a s u r e d  w i th  th e  N R A  te c h n iq u e ,  s h o w s  a  g o o d  a g r e e m e n t  w i t h  
t h e  e x p e r im e n ta l  N M R  p ro f i le .  T h e  th e o r y  h a s  b e e n  s h o w n  to  p r e d i c t  th e  
c o r r e c t  r a t e  o f  f r o n t  a d v a n c e  fo r  th e  P V C  a n d  a c e to n e  s y s te m . H o w e v e r  th e  
l e n g t h  o f  t h e  p r e c u r s o r  s e e n  in  th e  e x p e r im e n ta l  N M R  p r o f i le s  is  n o t  a c c o u n te d  
f o r  th e o r e t ic a l ly .  T h is  is  p e r h a p s  d u e  to  th e  a p p r o x im a te  n a t u r e  o f  th e  t e s t  a n d  
w i l l  b e  th e  s u b je c t  o f  f u tu r e  s t u d y  in to  s im u la t io n s  o f  C a s e  II  b e h a v io u r .
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Inherent in the Thomas and W indle theory is the assum ption that the activity 
is unity. This w as not the case for the experim ent in w hich the acetone only  
concentration profile w as obtained. Tests on the sim ulation  program  indicated  
that reduction of the activity introduced baseline errors w hich  could not easily  
be accounted for. It is anticipated that the adaption of the sim ulation of Case 
II diffusion to account for reduced activities w ill be part o f a future project. 
D ue to this and other necessary assum ptions about certain parameters the test 
described here represents the first approximate use o f the sim ulation  program  
to m odel diffusion profiles in the acetone and PVC system .
U sing  tw o different experim ental techniques it has been possible for the first 
tim e to use data obtained in the first few  minutes o f  d iffusion  to determ ine the 
diffusion behaviour 48 hours later.
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F IG U R E  6 .8  T H E O R E T IC A L  P R O F IL E  F O R  T H E  A C E T O N E  A N D
P V C  S Y S T E M
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6.7 DESORPTION OF ACETONE FROM PVC
A n experim ent w as performed to observe the rate of desorption of acetone 
from a sam ple and to test for any changes in the shape of the profile. The 
sam ple w as prepared at 20 °C for 24 hours using the liquid acetone reservoir. 
The sam ple was placed in the probe and left overnight in a fully autom ated  
experiment. A total of 16 consecutive runs were performed w ith the follow ing  
parameters. The pulse length w as 20 ps, the pixel resolution w as 39 pm and  
the value of echo time w as 100 ps. The profiles were the result of 128 
averages and used signal from the first echo only.
Figure 6.9 show s profiles from a selection of the runs. The profiles show n are 
from the first (open circles), second (open squares), third (triangles), fourth 
(solid circles), tenth (solid squares) and sixteenth (triangles) runs. O nly every  
other point is marked for ease of viewing. The surface drying on the left o f  
the main profile peaks was evident and quite substantial. A lso noted was the 
nonlinearity in the desorption of acetone from the sam ple, w hich w as initially 
rapid, but slow ed quite considerably after the first 5 runs. There was no  
change in the shape of the profiles, proving that the Case II front remains 
stationary after the sam ple has been rem oved from the acetone vapour. N o  
further diffusion into the unpenetrated region of the sam ple occurred.
M  THE EFFECTS OF VARIATION OF THE ACTIVITY OF THE
ACETONE VAPOUR
STRAFI has been used to study the onset of front formation in Case II 
diffusion as a function of acetone vapour activity. The sam ple blocks of 
25x25x40 m m  were exposed to vapour of reduced activities by using granular
165
x r  co c\j t-  o '
( s i j u n  A j B J j i q j B )  u o i ; b s ! 1 9 u 6 b i / \ ]
166
FI
G
U
R
E 
6.9
 
1-D
 
PR
O
FI
L
E
S 
SH
O
W
IN
G
 
D
E
SO
R
PT
IO
N
 
FR
OM
 
A 
S
A
M
P
L
E
P V C  m ix e d  w i t h  a c e to n e  a n d  e q u i l i b r a t e d  to  a  k n o w n  a c e t o n e / P V C  r a t io ,  (j). 
T h e  p r o c e d u r e  f o r  o b t a in in g  a  v a p o u r  o f  r e d u c e d  a c t iv i ty  w a s  c o v e r e d  in  
c h a p t e r  4 . A f te r  e x p o s u r e  th e  b lo c k s  w e r e  c u t  to  10 m m 3 s a m p le s  w i t h  o n e  
e x p o s e d  fa c e  r e m a i n i n g  f o r  th e  o n e  d im e n s io n a l  im a g in g  e x p e r im e n t s .
S a m p le s  w e r e  e x p o s e d  to  v a p o u r  o f  a c t iv i t ie s  o f  0 .1 3 , 0 .3 5 , 0 .6 , 0 .8 2 , a n d  1 .0  fo r  
4 8  h o u r s  a t  2 0 °C . F ig u r e  6 .10  a) to  e) s h o w s  th e  p r o f i le s  o b t a in e d  u s in g  256  
a v e r a g e s  a n d  th e  s u m m a t i o n  o f  s ig n a l  f r o m  th e  f i r s t  f o u r  e c h o e s .  T h e  p u l s e  
l e n g th  w a s  10  p s ,  th e  r e s o lu t io n  w a s  78  p m  a n d  th e  e c h o  t im e  w a s  100  p s . I n  
a) w h e r e  th e  a c t iv i ty  w a s  0 .1 3  th e r e  w a s  n o  e v id e n c e  o f  a  C a s e  II  f r o n t  a t  a ll ,  
w h e r e a s  in  b ) ,  a t  a n  a c t iv i ty  o f  0 .35  th e  f r o n t  h a s  j u s t  f o r m e d .  In  th e  p r o f i le s  
i n  c), d )  a n d  e) w h ic h  c o r r e s p o n d  to  th e  a c t iv i t ie s  0 .6 , 0 .8 2  a n d  1.0 th e  f r o n t  
w a s  o b s e r v e d  to  h a v e  f o r m e d  a n d  th e  p e n e t r a n t  to  h a v e  a d v a n c e d  a  l i t t le  
f u r t h e r  in  e a c h  c a s e . T h is  p r o v e d  th e  p r o f o u n d  e f f e c t  t h a t  th e  v a p o u r  a c t iv i ty  
h a d  o n  th e  d i f f u s io n  b e h a v io u r .  I t  w a s  n o t e d  b y  L a s k e y  e t  a l (1 8 9 9 a ), w h o  
s t u d i e d  io d o h e x a n e  p e n e t r a t i n g  in to  p o ly s ty r e n e ,  t h a t  a  t h r e s h o ld  v a lu e  o f  
v a p o u r  a c t iv i ty  e x is ts ,  b e lo w  w h ic h  f r o n t  f o r m a t io n  is  i n h ib i t e d  a n d  th e  
d i f f u s io n  r e m a in s  F ic k ia n . F o r  P V C  a n d  a c e to n e  th is  th r e s h o ld  w a s  b e tw e e n  
0 .1 3  a n d  0 .35 . I n  o r d e r  to  d e t e r m in e  th e  e x a c t  v a lu e  f u r th e r  e x p e r im e n ts  
w o u l d  h a v e  b e e n  r e q u i r e d ,  h o w e v e r  i t  w a s  t h o u g h t  t h a t  th e  d e t e r m in a t io n  o f  
a n  e x a c t  v a lu e  o f  t h e  t h r e s h o l d  fo r  th is  s y s te m  w o u l d  n o t  h a v e  b e n e f i t e d  th e  
s t u d y  s ig n i f ic a n t ly .
T h e  e x p e r im e n t s  u s in g  r e d u c e d  v a p o u r  a c t iv i t ie s  r e v e a le d  in t e r e s t i n g  a n d  
v a lu a b le  in f o r m a t io n  o n  th e  n a t u r e  o f  th e  F ic k ia n  p r e c u r s o r  in  th e  P V C  a n d  
a c e to n e  s y s te m . In  f ig u r e  6 .11 a) to  d )  p r o f i le s  a r e  s h o w n  w h ic h  c o r r e s p o n d  
to  th o s e  i n  f ig u r e  6 .1 0  a) to  d ) . T h e  p r o f i le s ,  h o w e v e r ,  h a v e  b e e n  r e s c a le d  to  
s h o w  th e  r e g io n  o f  th e  F ic k ia n  p r e c u r s o r  in  m o r e  d e ta i l .  T h e  e x t e n t  o f  th e  
d i f f u s io n  in  a) w h e r e  n o  C a s e  II  f r o n t  h a s  f o r m e d  m a y  n o w  b e  c le a r ly  s e e n .  
A c e to n e  h a s  p e n e t r a t e d  t h e  s a m p le  to  a  d e p th  o f  a t  l e a s t  5 m m  e v e n  th o u g h  
n o  f r o n t  h a s  b e e n  f o r m e d .  In  th e  o th e r  th r e e  p r o f i le s  w h e r e  th e  f r o n t  h a s
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0
f o r m e d  th e  p r e c u r s o r s  w e r e  s e e n  e x t e n d in g  a  s u r p r i s in g ly  l o n g  w a y  in to  th e  
s a m p le s ,  r a n g i n g  o v e r  3  m m . T h is  v a lu e  f a r  e x c e e d s  th o s e  c u r r e n t ly  
d o c u m e n t e d  in  th e  l i t e r a tu r e  f o r  C a s e  II d i f f u s io n  (L a s k e y  e t  a l, 1 9 8 8 b ) in  
b r o a d l y  s im i la r  p o ly m e r  a n d  p e n e t r a n t  s y s te m s .  I t  is  th e  f i r s t  t im e  t h a t  th e  
F ic k ia n  p r e c u r s o r  in  C a s e  II d i f f u s io n  h a s  b e e n  o b s e r v e d  u s in g  N M R .
M  T H E  E F F E C T S  O F  T H E  V A R I A T I O N  O F  E X P O S U R E
T E M P E R A T U R E
A  s e t  o f  s a m p le s  w e r e  p r e p a r e d  a t  a  r a n g e  o f  e x p o s u r e  t e m p e r a tu r e s  b e tw e e n  
2 0  °C  a n d  5 0  °C  u s i n g  a c e to n e  v a p o u r  a b o v e  th e  l i q u id  a c e to n e  r e s e r v o i r  fo r  
4 8  h o u r s .  S a m p le  b lo c k s  o f  25  x  25  x  40  m m 3 w e r e  e x p o s e d  to  th e  v a p o u r  a n d  
t h e n  c u t  d o w n  in  th e  s a m e  w a y  a s  d e s c r ib e d  p r e v i o u s l y  to  g iv e  10 m m 3 
s a m p le s  w i t h  o n e  e x p o s e d  fa c e  fo r  th e  o n e  d im e n s io n a l  e x p e r im e n ts .  T h e  p ix e l  
r e s o lu t io n  f o r  th e s e  e x p e r im e n t s  w a s  78  | im ,  th e  p u l s e  l e n g th  w a s  10  p s  a n d  
th e  e c h o  t im e  u s e d  w a s  100  p m . T h e  p r o f i le s  r e c o r d e d  w e r e  th e  r e s u l t  o f  
a c c u m u la t in g  2 5 6  a v e r a g e s  a n d  s u m m i n g  th e  f i r s t  f o u r  e c h o e s .
A f te r  e x p o s u r e  th e  s a m p le s  w e r e  k e p t  a t  l iq u id  n i t r o g e n  t e m p e r a t u r e  a n d  a ll 
e x p e r im e n t s  w e r e  p e r f o r m e d  a t  r o o m  te m p e r a tu r e .  T h e  r e s u l t i n g  p r o f i le s  f r o m  
s a m p le s  e x p o s e d  a t  2 0 °C  ( o p e n  c irc le s ) , 3 0 °C  ( s q u a r e s ) ,  4 0 ° C  ( t r ia n g le s )  a n d  
5 0 ° C  ( s o l id  c irc le s )  a r e  in  f ig u r e  6 .12 . F o r  e a s e  o f  v i e w in g  o n ly  e v e r y  f o u r t h  
p o i n t  is  m a r k e d .  T h e  e f fe c ts  o f  v a r y in g  th e  e x p o s u r e  t e m p e r a t u r e  a r e  n o w  
c le a r ly  s e e n ,  w i t h  a  m a r k e d  in c r e a s e  in  th e  f r o n t  v e lo c i ty  w i th  i n c r e a s in g  
e x p o s u r e  t e m p e r a t u r e .  T h e  v a lu e s  o f  v e lo c i ty  fo r  2 0 °C , 3 0 ° C , 4 0 °C  a n d  5 0 °C  
a r e  0 .0 1 , 0 .0 3 , 0 .0 6 , a n d  0.11 m m / h o u r ,  in  g o o d  a g r e e m e n t  th e  v a lu e s  in  
c h a p te r s  4  a n d  5. T h e  p r o f i le s  h a v e  in te n s i t i e s  w h ic h  s h o w  a  m a r k e d  
t e m p e r a t u r e  d e p e n d e n c e ,  h o w e v e r  th e  T 2 r e la x a t io n  t im e  e x p e r im e n t s  
p e r f o r m e d  h a v e  s h o w n  a n  e x p o s u r e  t e m p e r a t u r e  in d e p e n d e n c e .  T h is  m e a n s
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t h a t  t h e  d i f f e r e n c e  in  th e  i n te n s i ty  c a n n o t  b e  a t t r i b u t e d  to  m o r e  s ig n a l  
r e m a in in g  a t  th e  t im e  o f  th e  e c h o  d u e  to  a  l o n g e r  T 2 a t  h ig h e r  e x p o s u r e  
t e m p e r a t u r e s .  T h e r e f o r e ,  a n y  p h y s ic a l  p r o c e s s e s  c a u s in g  s t r u c t u r a l  c h a n g e s  in  
t h e  P V C  d u r i n g  o r  a f te r  p e n e t r a t i o n  w i t h  a c e to n e  a r e  e x p o s u r e  t e m p e r a t u r e  
d e p e n d e n t .
6 .10  R E L A X A T IO N  T I M E  C O N T R A S T
I n  s e c t io n  6 .5 .3  i t  w a s  c o n c lu d e d  th a t  th e  m a in  p e a k  o f  th e  p r o f i le s  w a s  m a d e  
u p  o f  tw o  d i s t i n c t  c o m p o n e n t s .  T h e  a b s o r b e d  m o b i le  a c e to n e  c o n s t i tu te s  a 
u n i f o r m  r e c t a n g u l a r  p e d e s t a l  a n d  th e  s lo p in g  p a r t  o f  th e  p e a k  is  d u e  to  th e  
s w o l le n  p o ly m e r .  T h is  a s s u m p t io n  w a s  f u r th e r  s u b s t a n t i a t e d  b y  th e  u s e  o f  a 
r e la x a t io n  t im e  c o n t r a s t  e x p e r im e n t .
T h e  s a m p le s  p r e p a r e d  a t  d i f f e r e n t  e x p o s u r e  t e m p e r a tu r e s  a n d  d e s c r ib e d  in  th e  
p r e v i o u s  s e c t io n  w e r e  a ls o  u s e d  in  th is  e x p e r im e n t .  T h e  e c h o  t im e  w a s  25 0  p s  
a n d  th e  p u l s e  l e n g th  w a s  10 p s ,  c o r r e s p o n d in g  to  a  10 m m  f ie ld  o f  v ie w  a n d  
a  r e s o lu t io n  o f  39  p m  p e r  p ix e l .  A  t r a in  o f  16 e c h o e s  w a s  r e c o r d e d ,  e a c h  w i th  
25 6  a v e r a g e s .  A s  n o t e d  in  a  p r e v io u s  s e c t io n ,  th e  c o m p le te  f u n c t io n a l  
d e p e n d e n c e  o f  t h e  s ig n a l  i n t e n s i ty  o n  r e la x a t io n  t im e s  is c o m p le x  a n d  is  b e in g  
f u l ly  e v a l u a t e d  th e o r e t ic a l ly  b y  o th e r  m e m b e r s  o f  th e  r e s e a r c h  g r o u p .  
H o w e v e r  f o r  th e  p u r p o s e s  o f  th i s  e x p e r im e n t  i t  is  a c k n o w le d g e d  th a t  o n ly  lo n g  
T 2 a n d  T lp c o m p o n e n t s  a r e  o b s e r v e d  a t  lo n g e r  e c h o  t im e s ,  l e a d in g  to  
s u b s t a n t i a l  r e l a x a t io n  t im e  c o n t r a s t  in  th i s  16 e c h o  e x p e r im e n t .
A  o n e  d im e n s io n a l  p r o f i le  w a s  c o n s t r u c t e d  f ro m  e a c h  o f  th e  e c h o e s  in  th e  t r a in  
r e c o r d e d  f o r  e a c h  s a m p le .  F ig u r e  6 .13  a) to  d )  s h o w s  p r o f i le s  f r o m  th e  s a m p le s  
p r e p a r e d  a t  2 0  °C , 3 0  °C , 40  °C  a n d  50  °C . P ro f i le s  f r o m  th e  2 n d  ( d ia m o n d s ) ,  
7 th  ( t r ia n g le s ) ,  1 2 th  ( s q u a r e s )  a n d  th e  1 6 th  (c irc le s )  e c h o e s  o n ly  a r e  s h o w n  f o r
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e a s e  o f  v ie w in g .  O n ly  e v e r y  o th e r  p o i n t  is  m a r k e d  fo r  e a s e  o f  v ie w in g .
T h e r e  a r e  tw o  m a i n  f e a tu r e s  o f  n o te  w h e n  c o n s id e r in g  th e s e  r e s u l t s .  T h e  f i r s t  
is  th e  c o n f i r m a t io n  o f  tw o  c o m p o n e n t s  o f  s u b s t a n t i a l l y  d i f f e r e n t  r e l a x a t io n  
t im e s  in  t h e  p e a k  o f  th e  p r o f i le .  B y  th e  1 6 th  e c h o  in  th e  t r a in  th e  s lo p in g  p a r t  
o f  th e  p r o f i le  w h ic h  is  b e l i e v e d  to  b e  d u e  to  th e  p o ly m e r  h a s  d e c a y e d  a w a y  
l e a v in g  o n ly  th e  r e c t a n g u l a r  p e d e s ta l .  T h e  m o b i le  a c e to n e  h a s  a  lo n g e r  
r e la x a t io n  t im e  t h a n  th e  s w o l le n  p o ly m e r  a n d  s o  i t  is  o b s e r v e d  o u t  to  
c o n s id e r a b ly  l a t e r  e c h o e s  in  th e  s e r ie s ,  g iv in g  th e  r e c t a n g u la r  p a r t  o f  th e  
p r o f i le .  T h e  m a s s  a n a ly s i s  d e s c r ib e d  in  c h a p te r  4  a ls o  in d i c a t e d  a p p r o x im a te ly  
u n i f o r m  a c e to n e  c o n c e n t r a t io n  a c r o s s  th e  s w o l le n  r e g io n ,  c o n s i s t e n t  w i th  th e s e  
r e s u l t s .
T h e  s e c o n d  p o i n t  o f  n o te  w h ic h  m a y  b e  ta k e n  f r o m  th is  e x p e r im e n t  is  th e  
o b v io u s  t e m p e r a t u r e  d e p e n d e n c e  o f  th e  s lo p e  in  th e  p r o f i le  p e a k .  O b s e r v a t io n  
o f  t h e  p r o f i le s  in  f ig u r e  6 .1 3  c le a r ly  s h o w s  th a t  a s  th e  e x p o s u r e  t e m p e r a t u r e  
in c r e a s e s  th e  s lo p e  b e c o m e s  m o r e  a c c e n tu a te d .  T h is  l e n d s  w e ig h t  to  th e  t h e o r y  
t h a t  a  p h y s ic a l  p r o c e s s  c o n t in u e s  to  a l te r  th e  P V C  s t r u c t u r e  a n d  c o n f o r m a t io n  
a f t e r  b e in g  s w o l le n  b y  th e  a c e to n e ,  a n d  th a t  th e  r a te  o f  th is  p r o c e s s  is 
d e p e n d e n t  o n  th e  e x p o s u r e  t e m p e r a tu r e .
6 .1 1  A N A L Y S IS  O F  P R O F IL E  S H A P E
S u b s t a n t i a l  e x p e r im e n ta l  d a t a  h a s  b e e n  g iv e n  w h ic h  s h o w s  th a t  th e  p r o f i le  
p e a k  is  m a d e  u p  o f  a  r e c t a n g u la r  p e d e s t a l  c o n t r ib u t io n  f r o m  a c e to n e  a n d  a 
s l o p in g  c o n t r ib u t io n  f r o m  t h e  s w o l le n  P V C . W ith  th is  a s s ig n m e n t  h o w e v e r ,  
t h e  p r o b le m  o f  a c c o u n t in g  f o r  th e  s lo p e  in  th e  p o ly m e r  p r o f i le  is  in t r o d u c e d .
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C le a r ly  th e  P V C  c o n c e n t r a t io n  is  u n i f o r m  a c ro s s  th e  s w o l le n  r e g io n  s o  a  
m o le c u la r  p r o c e s s  m u s t  b e  r e s p o n s ib le  f o r  th e  s lo p e .  T h e  r e s u l t s  o f  th e  
r e l a x a t io n  t im e  c o n t r a s t  e x p e r im e n t  m a y  b e  u s e d  to  t r y  a n d  s o lv e  th e  p r o b le m .
A t  th i s  s t a g e  tw o  p o s s ib le  e x p la n a t io n s  f o r  th e  s lo p e  a p p e a r  to  b e  p o s s ib le .  
T h e  f i r s t  is  t h a t  w h i l s t  th e  h y d r o g e n  d e n s i ty  a c ro s s  th e  p e a k  is  c o n s ta n t ,  t h e  
N M R  r e la x a t io n  t im e  o f  t h e  p o ly m e r  o n  th e  le f t  o f  th e  p e a k  is  l o n g e r  t h a n  t h a t  
o n  th e  r i g h t ,  p e r h a p s  b e c a u s e  i t  h a s  b e e n  in  c o n ta c t  w i t h  a c e to n e  f o r  a  
c o n s id e r a b ly  lo n g e r  p e r io d .  A  s u i t a b le  m o d e l  is  b a s e d  o n  t h e  c o n c e p ts  o f  a  
m u l t i  c o m p o n e n t / r e l a x a t i o n  t im e  s y s te m  w i th  f a s t  e x c h a n g e  b e t w e e n  d i f f e r e n t  
m o le c u la r  e n v i r o n m e n t s  in  w h ic h
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a n d  fj is  th e  f r a c t io n  o f  th e  i th  c o m p o n e n t  o f  th e  s y s t e m  ( Z im m e r m a n  a n d  
B r i t t in ,  1957). T h e  r e s u l t s  f r o m  th e  p r e v io u s  s e c t io n  w e r e  u s e d  to  te s t  t h i s  
t h e o r y  in  th e  f o l lo w in g  w a y .  F i r s t  th e  in te n s i ty  o f  th e  p e a k  a t  v a r io u s  
p o s i t i o n s  a lo n g  i t  w a s  r e c o r d e d  f o r  e a c h  e c h o . T h e  r e c t a n g u l a r  p e d e s t a l  p a r t  
o f  t h e  p e a k s  w a s  s u b t r a c t e d  to  le a v e  o n ly  th e  P V C  p a r t .  T h e  in te n s i ty  w a s  
t h e n  p l o t t e d  a s  a  f u n c t io n  o f  e c h o  t im e  f o r  e a c h  o f  t h e  p o s i t io n s .  A n  a t t e m p t  
w a s  m a d e  to  f i t  s in g le  e x p o n e n t i a l  d e c a y s  w i th  c o n s t a n t  a m p l i t u d e  a n d  
v a r i a b l e  r e la x a t io n  t im e  to  th e s e  c u r v e s .  T h is  w a s  n o t  p o s s ib le  a n d  p r o v e d  
t h a t  th i s  th e o r y  w a s  in c o r r e c t .  I n d e e d ,  i f  a n y th in g ,  a n d  th e  e f f e c t  w a s  s l ig h t ,  
t h e  r e l a x a t io n  t im e  o n  th e  le f t  w a s  s h o r te r .
P r e v io u s  e x p e r im e n t s  h a v e  t e n d e d  to  in d ic a te  t h a t  s o m e t h i n g  c o n t in u e s  to  
h a p p e n  to  th e  P V C  a f t e r  i t  h a s  in i t i a l ly  b e e n  p e n e t r a t e d  b y  t h e  a c e to n e ,  w h i c h  
l e a d s  to  th e  a l t e r n a t iv e  e x p la n a t io n  f o r  th e  s lo p e . T h is  is  t h a t  th e  P V C  is  
s lo w ly  s o f t e n in g  f o r  s o m e  c o n s id e r a b le  p e r i o d  a f te r  th e  a c e to n e  h a s  p e n e t r a t e d  
a n d  t h a t  th e  s o f t e n e d  p o ly m e r  e x h ib i t s  a  d is t in c t ,  l o n g e r  r e l a x a t io n  t im e  t h a n
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th e  u n s o f t e n e d  p o ly m e r .  T h e  s ig n a l  f r o m  th e  s o f t e n e d  p o ly m e r  d o m in a te s  th e  
p r o f i l e  w h i l s t  th e  s ig n a l  f r o m  th e  u n s o f t e n e d  p o ly m e r  d o e s  n o t  c o n t r ib u te  
s ig n i f i c a n t ly  to  th e  in te n s i ty .
T h e  a n a ly s i s  f o r  th i s  th e o r y  is  a g a in  d o n e  u s in g  th e  r e s u l t s  o f  th e  r e la x a t io n  
t im e  c o n t r a s t  e x p e r im e n t .  T h e  p r o f i le s  o b ta in e d  f r o m  th e  s a m p le  p r e p a r e d  a t  
a n  e x p o s u r e  t e m p e r a t u r e  o f  50  °C  w il l  b e  u s e d  a s  a n  e x a m p le .  O n c e  a g a in  th e  
in t e n s i t y  a t  v a r io u s  p o in t s  a c r o s s  th e  p e a k  a re  n o t e d  fo r  e a c h  e c h o  n u m b e r  a n d  
th e s e  i n te n s i t i e s  p l o t t e d  a s  a  f u n c t io n  o f  e c h o  n u m b e r .  T h is  in  e f fe c t  g iv e s  a  
p l o t  o f  N M R  s ig n a l  in t e n s i t y  a s  a  f u n c t io n  o f  t im e  a f te r  th e  f i r s t  p u l s e  a s  th e  
e c h o e s  w e r e  r e c o r d e d  a t  25 0  p s  in te r v a l s .  T h e  p o ly m e r  p a r t  o f  th e  p e a k  is 
t h e n  i s o la te d  b y  s u b t r a c t io n  o f  th e  r e c t a n g u la r  p e d e s t a l  p a r t  o f  th e  p r o f i le  d u e  
to  th e  a c e to n e .  E a c h  o f  th e  in te n s i ty  a g a in s t  e c h o  n u m b e r  c u r v e s  is  t h e n  f i t t e d  
w i t h  a  s in g le  e x p o n e n t i a l  f u n c t io n  f r o m  w h ic h  th e  v a lu e  o f  s ig n a l  a m p l i t u d e  
a t  z e r o  t im e  m a y  b e  m e a s u r e d .  F ig u r e  6 .1 4  is  a  s c h e m a t ic  r e p r e s e n t a t i o n  o f  th e  
p r o f i le s .  O b v io u s ly  th o s e  c u r v e s  f r o m  p o s i t io n s  o n  th e  le f t  o f  th e  p e a k  w il l  
s h o w  m o r e  in t e n s i t y  t h a n  th o s e  o n  th e  r ig h t .  F ig u r e  6 .15  s h o w s  s u c h  a  c u r v e  
f r o m  o n e  o f  th e  p o s i t io n s  o n  th e  le f t  o f  th e  p e a k  (c irc le s ) , t h e  e x p o n e n t ia l  f i t  
b e in g  in d i c a t e d  b y  th e  s o l id  l in e . I n  th is  a n a ly s i s ,  th e  r e la x a t io n  t im e  is  
a l l o w e d  to  v a r y  a s  w e l l  a s  th e  a m p l i t u d e .  H o w e v e r ,  m o s t  o f  th e  s ig n i f ic a n t  
v a r i a t io n s  w i t h  p o s i t io n  a r e  in  th e  a m p l i t u d e .  A  d i f f e r e n t  v a lu e  o f  i n te n s i ty  
a t  z e r o  t im e  w a s  o b ta in e d  fo r  e a c h  p o s i t io n  a c r o s s  th e  p e a k  a n d  th e s e  w e r e  
p l o t t e d  to  g iv e  a n  i n t e n s i t y  a g a in s t  d i s t a n c e  c u r v e ,  f ig u r e  6 .1 6 .
E a c h  p e a k  is , in  e f fe c t ,  a n  e x p o s u r e  t im e  c o u r s e  e x p e r im e n t  w i t h  th e  t im e  a x is  
r u n n i n g  f r o m  r i g h t  to  le f t  a n d  w i th  th e  o r ig in  a t  th e  p e n e t r a n t  f r o n t  e d g e .  T h e  
a b o v e  c u r v e  m u s t  th e r e f o r e  b e  t r a n s f o r m e d  s o  th e  d i s t a n c e  a n d  t im e  a x e s  
c o n f o r m  to  th e s e  c o n d i t io n s .  O n e  o f  th e  f e a tu r e s  o f  C a s e  II d i f f u s io n  is  a 
c o n s t a n t  f r o n t  v e lo c i ty ,  c o n s e q u e n t ly  th e  d i s ta n c e  a x is  o f  f ig u r e  6 .16  m a y  b e  
c o n v e r t e d  to  a  t im e  a x is . T h e  r e s u l t i n g  c u r v e  is  a  m e a s u r e  o f  th e  f r a c t io n  o f  
s o f t e n e d  s w o l le n  p o ly m e r  a s  a  f u n c t io n  o f  th e  t im e  f o r  w h ic h  th e  p o ly m e r  h a s
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D is ta n c e  a c ro ss  s w o l le n  r e g io n  (p ix e ls )
In te n s ity  a g a in s t  e c h o  n u m b e r  for  a c o n s ta n t v a lu e  o f  d is ta n c e  a c r o s s  s w o l le n  r e g io n .
F IG U R E  6 .1 4  T H R E E  D IM E N S IO N A L  R E P R E S E N T  A T T O N  O F  T HF.
R E L A X A T IO N  T IM E  C O N T R A S T  E X P E R IM E N T  A T. P R O F IL E S
177
In
ten
sit
y 
at 
zer
o 
ex
pe
rim
en
t 
tim
e 
(ar
bit
rar
y 
un
its
)
S'
s
25L.03
>.
00cti
c
Echo number
FIGURE 6.15 PLOT OF INTENSITY AGAINST ECHO NUMBER FOR THE 
POLYMER PART OF A PROFILE (5Q°C. ECHO SEPARATION 
IS 250 us)
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FIGURE 6.16 PLOT OF INTENSITY AGAINST DISTANCE ACROSS A 
PROFILE PEAK (50°C)
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FIGURE 6.17 PLOT OF INTENSITY AGAINST TIME SHOWING THE
FRACTION OF SOFTENED SWOLLEN POLYMER AS A 
FUNCTION OF TIME (50°C)
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FIGURE 6.18 PLOT OF INTENSITY AGAINST TIME SHOWING THE 
FRACTION OF SOFTENED SWOLLEN POLYMER FOR 20°C 
(DIAMONDS). 30°C (TRIANGLES). 40°C(SQUARFS) AND 50°C
(CIRCLES)
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been in contact with acetone, figure 6.17. The data is fitted with the 
exponential function A(l-exp(-t/xc)) where xc"1 is the 'softening rate', the fit 
being shown by the solid line.
This analysis has been applied to the results for all four exposure 
temperatures. To correct for any slight variations in intensity due to 
experimental drift all profiles were normalised to the same rigid PVC intensity. 
The softening rate increases dramatically with exposure temperature as can be 
seen in figure 6.18 where the softened swollen polymer fraction as a function 
of time is shown for all four temperatures. The diamonds represent 20°C, the 
triangles represent 30°C, the squares represent 40°C and the circles represent 
50°C. Since the PVC /  acetone density of fully mass equilibrated samples is 
known to be independent of sample exposure temperature, the pre-exponential 
factor, A, is constant and normalised to 1 in each case. The measured values 
of xc are 86,26,15 and 11 (±10%) hours for the samples exposed at 20°C, 30°C, 
40°C and 50°C respectively.
This theory appears to explain the results well, however further evidence to 
support such suggestions would obviously be desirable. An increase in chain 
mobility with acetone contact time is plausible on the grounds of chemical 
breakdown of the chains or more likely changes in the chain conformation/ 
tertiary structure. An excellent technique for studying changes in the primary 
chain structure or conformation and giving the evidence to support the 
softening theory is available within the bounds of NMR. It is high resolution 
13C cross polarisation/magic angle spinning (CP/MAS) NMR and the use of 
this technique was available with the kind cooperation of the ULIRS solid state 
NMR service at University College London.
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6.12 H IG H  RESOLUTION 13C NM R SPECTROSCOPY
NMR spectroscopy suffers from the same problems as imaging where the 
study of solid materials is concerned. However, the angular dependence of 
the dipolar Hamiltonian may be effectively eliminated by the fast rotation of 
samples at an angle of 54.7° to the static field, the 'magic angle'. Another 
significant problem encountered in NMR is that of sensitivity, particularly for 
nuclei of low natural abundance, such as 13C. To overcome this, signal 
enhancement techniques such as cross polarisation (CP) are particularly useful. 
In addition CP overcomes a problem encountered frequently in solids, that is 
the tendency for Tt relaxation times to be very long leading to unacceptably 
long delays between scans in order to obtain reasonable spectra. CP may be 
used when there are protons in the vicinity of the nucleus under investigation. 
The dipole-dipoie interaction is used to transfer magnetisation from the 
protons to the nucleus under investigation. The pulse sequence first excites 
the protons and then spin locks them for a certain time, known as the contact 
time, during which the nucleus under investigation is also pulsed. The signal 
is then recorded and the cycle repeated after a delay time.
Another technique which uses the dipole-dipole interaction to advantage is 
non-quaternary suppression (NQS) which is commonly applied to 13C. It 
allows the system to evolve for a short time without any proton decoupling, 
which has the effect of removing those signals from the spectrum which have 
directly bonded protons.
6.12.1 EXPERIMENTAL DETAILS
The sample preparation was identical to that described for the imaging 
experiments. Samples were cylindrical and of no more than 7 mm diameter
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and 20 mm in length when swollen. All the samples were cut from 6 mm 
diameter rod and swelled different amounts depending on the exposure time 
and conditions. Any samples that were not quite 7 mm in diameter were 
wrapped in PTFE tape to ensure a snug fit within the rotor, which is essential 
if the sample is to be spun.
The experiments were carried out on a dedicated Bruker MSL-300 multinuclear 
spectrometer equipped with a variety of hardware. Associated with the 
spectrometer is a 7.05 Tesla superconducting magnet, which is equivalent to 
a resonant frequency of 75 MHz for 13C or 300 MHz for protons. The 
spectrometer features high power amplifiers for both broadband and proton 
channels, enabling short 90° pulses to be achieved. Typical values are 3.85 ps 
for a 90° pulse and 7.7 ps for a 180° pulse. The probe is a Bruker 7 mm rotor 
capable of MAS, with or without CP, at spinning speeds up to 5 kHz. Sample 
spinning is driven by a filtered and dried compressed air supply. All the 
following experiments were carried out at room temperature.
6.12.2 RESULTS
The first experiment was a CP/MAS scan of rigid PVC to characterise it. The 
spinning speed was 4.5 kHz, the contact time 1 ms and the recycle time 5 s. 
The resulting spectrum is in figure 6.19 a) with the CHC1 PVC peak at 
approximately 57 ppm and the CH2 PVC peak at approximately 47 ppm. The 
other peaks represent additives or impurities which are present in the PVC. 
The next experiment was an NQS scan of the same sample, with the same 
basic NMR parameters. This effectively removed the signal from any carbon 
with directly bonded protons and as such was a method of determining the 
amount of branching, if any, within the polymer structure. The spectrum is 
shown in figure 6.19 b) and from this it is concluded that the PVC used has 
very little structural branching.
182
a)
b )
FIGURE 6.19 a) CP/MAS SPECTRUM OF RIGID PVC
b) CP/MAS NOS SPECTRUM OF RIGID PVC
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The next spectrum is of a sample that has been exposed at room temperature 
to acetone vapour above the liquid reservoir for 48 hours. The experiment 
was a CP/MAS scan with a contact time of 1 ms, a recycle time of 5 s and a 
spinning rate of 4.5 kHz. Figure 6.20 shows the spectrum and the two PVC 
peaks are seen clearly, along with a methyl group from the acetone at 
33.07 ppm. The carbonyl group of the acetone, however is not present in the 
spectrum. The reason for this was thought to be due to the rapid motion of 
the carbonyl group within the acetone molecule. Unlike other enhancement 
techniques, with the phase cycling employed in this experiment no signal is 
seen if there is no magnetisation transfer. It was therefore decided that a 
single pulse 13C experiment with no CP should be used for the remainder of 
the experiments and would be sufficient in view of the large amount of signal 
detected from the samples.
FIGURE 6.20 CP/MAS SPECTRUM OF A SAMPLE EXPOSED TO ACETONE 
VAPOUR FOR 48 HOURS
1 8 4
Some difficulty was experienced in sustaining a spinning rate of 4.5 kHz with 
some of the samples. This was thought to be due to the fact that solid samples 
were used instead of the customary powdered ones. Consequently if the 
samples did not exactly fit in the rotor and had to be wrapped in tape it was 
sometimes difficult to ensure the totally even weight distribution required to 
make a sample spin. However, all the samples except the rigid PVC has T2's 
that were long enough to obtain a spectrum with a static experiment and so 
the remainder of the experiments were a mixture of MAS and static ones.
Figure 6.21 a) and b) shows spectra of a sample which has been fully mass 
equilibrated with acetone vapour above the liquid acetone reservoir. The 
experiment is a static decoupling one and on both spectra the missing carbonyl 
group is now clearly seen at 206 ppm. In a) the recycle time is 10 s whereas 
in b) it is 3 s and the effect on the signal intensity is obvious. The shorter 
recycle time enhances the more solid PVC components present.
Although both the static and MAS experiments yield a spectrum of the 
samples there will obviously be a great deal more narrowing of spectral lines 
in the MAS experiment, giving the opportunity to see in more detail the 
structure present. Figure 6.22 a) and b) shows this very well, as both are of 
the same sample but a) shows the static experiment while b) shows the MAS 
results. The recycle time was 10 s for both experiments. The sample has had 
prolonged exposure to liquid acetone after becoming fully mass equilibrated 
at room temperature. In a) the spectrum is shown on an enlarged scale to 
previous spectra to show the PVC peaks in more detail. There is some 
structure in the peaks which is clearly seen but is not enough to be able to 
deduce anything of interest The MAS experiment, shown by the spectrum in
b) however, has been able to resolve the structure into a 1:2:1 triplet. The 
improvement in using the MAS experiment now becomes obvious.
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FIGURE 6.21 STATIC DECOUPLING SPEC.TA OF A SAMPLE AFTER 
PROLONGED EXPOSURE TO ACETONE VAPOUR, a) 10s 
RECYCLE TIME, b) 3s RECYCLE TIME
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FIGURE 6.22 SPECTRA OF A SAMPLE FOLLOWING PROLONGED
EXPOSURE TO ACETONE VAPOUR, a) STATIC DECOUPLING
EXPERIMENT, b) MAS EXPERIMENT
6.12.3 DISCUSSION
The purpose of these experiments was to check for changes in the structure of 
the PVC, and more specifically any breaking of chains which may be the cause 
of the softening of the PVC. Throughout the experiments the only change 
observed in the PVC was an increase in mobility with increased exposure to 
acetone, reflected by a decrease in the spectral linewidths and the introduction 
of some structure. The structure seen in the CHC1 peak at approximately 
57 ppm was eventually resolved into a triplet for a sample that had prolonged 
exposure instead of the broad spectral line seen with samples that had been 
exposed to acetone for a shorter time. There has been no evidence of any 
breaking of the chains. It must therefore be concluded that on prolonged 
exposure to acetone the mobility of the samples increases slowly but 
substantially and the chains simply become more disentangled leading to the 
gradual softening of the swollen PVC as detected using STRAFI.
It has been shown that little, or no branching is present in the primary chain 
structure. The presence of the 1:2:1 triplet of the CHC1 peak leads to a 
conclusion regarding the tacticity of the PVC, that is the arrangement of the 
chlorine atoms on the chain, mentioned in chapter 4. The fact that the triplet 
is a 1:2:1 indicates that the PVC is atactic in structure. This may be explained 
by the fact that the spectrum of the carbon with attached chlorine being 
observed is influenced by the relative stereochemistry on the neighbouring 
carbons. They may have attached atoms with spins that are "up up", "down 
down", "up down" or "down up" relative to the chlorine on the observed 
carbon. The "up down" and "down up" are effectively the same, giving four 
possibilities for the neighbouring stereochemistry, two of which are the same, 
hence a 1:2:1 triplet
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6.13 CONCLUSION
The work in this chapter covers the implementation of the NMR imaging 
technique STRAFI to study Case II diffusion of acetone into PVC and high 
resolution 13C spectroscopy experiments. STRAFI has successfully met the 
requirements outlined in the conclusions of chapter 5 by it's capability to 
simultaneously visualise the rigid PVC, swollen PVC and the acetone, with 
enough sensitivity and resolution to allow quantitative analysis. A complete 
discussion of these results is in the following chapter.
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CHAPTER 7
C O N C L U S I O N S
The bulk of the experimental work in this thesis is concerned with the study 
of Case II diffusion through analysis of one dimensional concentration profiles 
obtained experimentally. The ion beam NRA technique gives profiles of 
acetone concentration only, whilst the short T2 NMR imaging techniques gave 
profiles composed of signal from both acetone and PVC. This is the first time 
that combined polymer and penetrant concentration profiles have been used 
to analyse Case II diffusion.
The characterisation experiments of the diffusion of acetone into PVC detailed 
in chapter 4 provided essential information for the optimisation of further 
experiments and techniques. Once Case II diffusion behaviour had been 
established, a detailed study combined, for the first time, two very different 
experimental techniques. This gave the ability to study both the initial stages 
of diffusion resulting from exposure for a few minutes, and established 
diffusion resulting from exposure for many hours. Although both of these 
regimes have been the subject of much previous study (Thomas and Windle 
1978, 1981; Weisenberger and Koenig 1989a, 1989b; Mills et al 1986; Laskey et 
al 1988a, 1988b), no experimental link has been made between short and long 
term behaviour.
The induction period was studied using the depth profiling NRA technique, 
giving profiles with Fickian characteristics from which diffusion coefficient 
values were obtained. A typical value is 7.0 xlO"11 cmV1 (± 20%) for room 
temperature exposure. For long range diffusion and studies of the swollen 
PVC, a repetitive pulse variant of broadline gradient echo magnetic resonance 
imaging was developed. This new technique very successfully showed the 
sharp front between the penetrated and unpenetrated regions. The penetrant
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front advances at a constant velocity of typically 0.042 mmhr'1 (± 10%) at room 
temperature. The temperature dependence of the front velocity was found to 
be of the Arrhenius type leading to an activation energy of 18.9 ±5.1 kjmol'1.
For a more detailed quantitative analysis of one dimensional concentration 
profiles the relatively new short T2 NMR imaging technique STRAFI was 
adopted. This allowed, for the first time visualisation of the rigid PVC as well 
as the swollen PVC and the acetone. Through a study of the variation of the 
activity of the acetone vapour surrounding the PVC samples the presence of 
the threshold value for front formation was found to be 0.24 ±0.11.
Replacing acetone with deuterated acetone has been shown to be an effective 
method for selectively observing the signal from the PVC when using 
NMR. Using two samples prepared independently yet identically with 
ordinary and deuterated acetone and subtracting the profiles obtained gave a 
typical acetone only profile. This was comparable to those obtained by other 
researchers for other systems (Thomas and Windle 1978,1981; Mills et al 1986; 
Weisenberger and Koenig 1989a, 1989b) and permitted a quantitative test of 
the Thomas and Windle theory of Case II diffusion. Using the value of the 
diffusion coefficient measured with the depth profiling NRA technique and 
realistic values for other parameters describing the system, the model 
simulated a profile which was compared to that obtained experimentally using 
NMR. The theory showed good agreement with the rate of front advance. 
However it failed to predict the increased length of the Fickian precursor 
observed in the acetone and PVC system. Both theoretical and experimental 
profiles showed the predicted negligible concentration gradient across the 
penetrated region.
The profiles obtained using the short T2 NMR imaging techniques showed 
quite a considerable slope in the swollen region of the PVC. Previous studies 
on methanol and PMMA have shown a similar slope in penetrant profile shape
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at elevated temperatures (Thomas and Windle, 1978). This was explained by 
the introduction of Fickian behaviour into the diffusion dynamics. However 
a time course experiment on a PVC and acetone sample prepared at an 
exposure temperature of 50°C has indicated that this is not the case for acetone 
and PVC. The profile peaks have been shown to be made up of a rectangular 
pedestal due to the acetone and a sloping peak due to the swollen PVC. 
Analysis of the results of a relaxation time contrast experiment have provided 
evidence to support a new model concerning the physical process responsible 
for the slope in the NMR profile of the swollen polymer. According to this 
model the observed slope in the polymer part of the profiles is due to the 
gradual softening of the polymer for some time after the acetone has 
penetrated. This evidence has been further corroborated with 13C spectroscopy 
including CP/MAS, single pulse static and MAS experiments. Through these 
experiments it is also now known that the PVC used has no branching and is 
atactic in structure.
Experiments to study the dependence of the diffusion characteristics on the 
exposure temperature have found that the rate of softening is strongly 
exposure temperature dependent. The softening times for 20°C, 30°C, 40°C 
and 50°C are 86, 26, 15 and 11 (± 10%) hours respectively. The softening is 
presumably due to the further disentanglement of the PVC chains after they 
have been initially swollen as the 13C spectroscopy experiments have proved 
that negligible breaking of chains occurs even after prolonged exposure.
The existence of swollen but unsoftened PVC alongside swollen and softened 
PVC across the penetrated region of the sample makes it possible to explain 
the existence of multiple T2 values. The shortest component (90 ps) is the 
swollen but unsoftened PVC, the middle component (2 ms) is the swollen 
softened PVC and the longest component (25 ms) is the absorbed mobile 
acetone. The fitting of multiple T2 components is an extremely difficult 
procedure. It is entirely probable that a continuous distribution of relaxation
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times including the shorter two values exists, reflecting the continuous 
distribution in the degree of softening across the sample.
Recalling the results of chapter 5, the amplitude of the shortest component was
0.52. This was for a sample which was not fully mass equilibrated and 
certainly not fully softened, even though swollen by acetone. The
corresponding amplitude for the fully mass equilibrated samples, which would 
have softened far more but not completely, was 0.21. This reduction in the 
amplitude of the unsoftened polymer component is again further evidence to 
support the theory that on prolonged exposure to acetone the PVC continues 
to soften after initial swelling.
A particularly interesting result of the STRAFI experiments was the 
observation of a long Fickian precursor extending into the inner glassy core of 
the samples. It was found to extend over 3 mm in some cases, far in excess 
of published values for broadly similar polymer/penetrant systems. For 
example, it is typically 1.6 pm for iodohexane in polystyrene (Laskey et al, 
1988b). This highlights the enormous potential for new discoveries possible 
with broadline NMR imaging.
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A P P E N D I X  1
THIS PROGRAM SIMULATES CONCENTRATION PROFILES USING THE 
THOMAS AND WINDLE MODEL.
SET UP THE VARIABLE TYPES
IMPLICIT NONE 
INTEGER NS/NT/KJ/P/S 
PARAMETER(NS=100)
PARAMETER(NT=20000)
DOUBLE PRECISION DELTAX,ACTIV(NS)/DIFFN(NS)/ 
$VACT(NS),VRAT(NS),DACT(NS)/TSTEP/DVRAT(NS) 
PARAMETER(DELTAX= 5.0D-5)
CHARACTER*^ FILENAME
open(unit=16, file ='diffvrat.out') 
open(unit=18, file =/diffp.out/) 
open(unit=17, file ='diffl.par')
read(17,*)s 
print *,s
SET UP THE INITIAL CONDITIONS
DO 60 J=1,NS 
VRAT(J)=1.0D-5 
ACTIV(J)=1.0D-5 
VACT(J)=VRAT(J) /  ACTIV(J)
50 CONTINUE
SET THE TIMESTEP LENGTH
TSTEP =15
BEGINNING THE STEPPING LOOP
DO 61 P=1,NT 
ACTIV (1)=1. 0D0
CALCULATION OF THE DIFFUSION COEFFICIENT IN EACH ELEMENT 
CALL DEVAL(VRAT,DIFFN,P,NS,NT)
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C CALCULATION OF THE ACTIVITY GRADIENT 
C
CALL DAEVALfDIFFNjVRAXACTIVJ}ACTONS,NHDELTAX^ACT) 
DO 63 K=2,NS
ACTIV (K)=ACTIV (K)+DACT(K)HTSTEP 
IF( ACTIV (K) .GT.l .0D0)THEN 
ACTIV (K)=l .0D0 
ENDIF
63 CONTINUE
C
C CALCULATION OF THE VOLUME-ACTIVITY RATIO 
C
CALL VAEVAL(VRAT, ACTIV, VACT,P,NS,NT)
C
C CALCULATION OF THE VOLUME RATIO GRADIENT 
C
CALL DVEVAL(VACT,VRAT,DVRAT,P,NS,NT)
C
C CALCULATION OF THE VALUES OF THE VOLUME RATIO AND 
ACTIVITY AT 
C THE NEXT STEP.
C
DO 64 K~1,NS
VRAT(K) = VRAT(K)+DVRAT(K)*TSTEP 
IF(VRAT(K).GT.l .0D0) THEN 
VRAT(K)=1.0D0 
ENDIF
IF(P,EQ.S)THEN 
WRITE(16,*) K,VRAT(K)
ENDIF
64 CONTINUE
C
C PRINTING OUT THE PROFILES 
C
IF(P.GT.S)THEN
write(18,*)p
STOP
ENDIF
C
61 CONTINUE 
END
C
C
C
c
c
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SUBROUTINE DEVAL(VRAT,DIFFN,P,NS,NT)
INTEGER NS,NT,J,P
DOUBLE PRECISION DO,A,VRAT(NS),DIFFN(NS)
D0== 6.98D-15 
A=6.214608098D0 
DO 10 J=1,NS
DIFFN(J)=DO*DEXP(A*VRAT(J))
PRINT *,DIFFN(J)
10 CONTINUE 
END
SUBROUTINE TO CALCULATE THE DIFFUSION COEFFICIENT
SUBROUTINE TO CALCULATE THE VOLUME ACTIVITY RATIO
SUBROUTINE VAEVAL(VRAT,ACTIV,VACT,P,NS,NT)
INTEGER NS,NT,J,P
DOUBLE PRECISION ACTIV(NS),VACT(NS), VRAT(NS)
DO 20 J=1,NS
VACTQ) =VR AT(I) /  ACTIV (J)
IF(V ACT(J) .GT.l .0D0)THEN 
VACT(J)=1.0D0 
ENDIF 
PRINT VVACT(J)
20 CONTINUE 
END
SUBROUTINE TO CALCULATE THE ACTIVITY GRADIENT
S U B R O U T I N E  
DAEVAL(DIFFN,VRAT,ACTIV,DACT,P,NS,NT,DELTAX,VACT)
INTEGER NS,NT,J,P
DOUBLE PRECISION DELTAX/FIRST/SECOND/DIFFN(NS), 
$VRAT(NS),ACTIV(NS),DACT(NS),VACT(NS)
DACT(1)=0.0D0
FIRST=(0.5D0*(DIFFN (2)+DIFFN (1)) /  (DELTAX)**2) *
$(( VR AT(2)+VRAT(l)) /  (ACTIV (2) + ACTIV (1))) *
$(ACTIV(2)-ACTIV(1))
DO 30 J=2,NS 
SECOND = FIRST 
IF(J.EQ.NS)THEN 
FIRST = O.OdO
ELSEIF(DABS(( ACTIV(J-fl)-ACTIV(J))).LT.1.0D-40)THEN
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FIRST = 0.0D0 
ELSE
FIRST=(0.5D0^(DIFFN(J+1)+DIFFN(J)) /  (DELTAX)**2)*
$((VRAT(J+1) +VRAT(J)) /  (ACTIV (J+l) +ACTIV (J)))* 
$(ACTIV(J+1)-ACTIV(J))
ENDIF
DACT(J)=(FIRST-SECOND) /  (V ACT(J))
C PRINT * DACT(J)
30 CONTINUE 
END
SUBROUTINE TO CALCULATE THE VOLUME RATIO GRADIENT
SUBROUTINE DVEVAL(VACT,VRAT/DVRAT/P/NS/NT,S) 
INTEGER NS,NT,J,P,S
DOUBLE PRECISION M/B/VACT(NS),VRAT(NS)/DVRAT(NS) 
M=15D0 
B=4.0D-6 
DO 40 J=1,NS
DVRAT(J)= -B*DLOG(VACT(J))*DEXP(M*VRAT(J))
C PRINT *,DVRAT(J)
40 CONTINUE 
END
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APPENDIX 2
dim kk(2500),1(2500)
dim da(1100:2000),de(1100:2000)
rem MASSES OF PROTON,HE3,DEUTERON,HE4 IN MEV/CA2
mp=938.28
m3=2808.413
md=1875.63
m4=3727.41
re m  READ IN HE3 BEAM ENERGY(E3B) ,  A N GL E  OF 
DETECTOR(ANG),ANGLE OF SAMPLE (ALPH)
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gosub 124 
gosub 125 
gosub 126
rem READ IN NORMALISATION FILE 
gosub 127
rem CONVERT ALPH, ANG TO RADIANS 
129 alpha=alph*3.14159/180 
phi= ang*3.14159/180
rem DO CALCULATION OF PROTON ENERGY AT HALF-HEIGHT OF
rem DIFFUSED SPECTRUM LEADING EDGE
q=m3+md-mp-m4
bb=-2*(m3*mp*e3b) A.5*cos(phi)
bbb=-25Xm3*m4*e3b)A.5*cos(phi)
aa=mp+m4
cc=m3*e3b-m4*e3b-m4*q
ccc=m3*e3b-mp*e3b-mp*q
rem PROTON ENERGY AT HALF-HEIGHT OF DIFFUSED SPECTRUM 
LEADING EDGE
epO=((-bb+(bb A2-4*aa*cc)A 5) /  (2*aa)) A2
rem INPUT DIFFUSED FILE
? " Input Diffused F i l en a m e : l i n e  input nameinl$
OPEN nameinl$ AS #4 LEN=8605
FIELD #4,2 AS F$,2 AS M$,2 AS S$,2 AS E$,2 AS Rl$,_
2 AS R2$,2 AS Ll$,2 AS L2$,8 AS D$,4 AS T$,_
2 AS C$,2 AS N$,8192 AS I$,321 AS FF$,60 AS P$
GET #4
PRINT nameinl$; 1 INFO.: "rPRINT P$
CLOSE #4
INPUT "ENTER 1st CHN.(PRECISELY 5 CHNS BELOW HALF-HGHT OF 
LEADING EDGE) :",J1
INPUT "ENTER THE LAST CHANNEL NO. TO BE ANALYSED :"J2 
open nameinl$ as #4 len=16
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field #4, 4 as a$, 4 as b$, 4 as c$, 4 as d$
tempsize= lof(4)/16
for i=3 to tempsize
get 4,i
m=(i-2)*4
kk(m-3) = cvl(a$)
kk(m-2) = cvl(b$)
kk(m-l) = cvl(c$)
kk(m) = cvl(d$)
next i
close #4
j0=jl+5 
jdif=jl-jln 
for j = jl to j2 
jj=j-jdif
IF l(jj)=0. THEN GOTO 20 
da(j)=kk(j)/I(jj)
if kk(j)=0 then da(j)=l/l(jj):kk(j)=l 
GOTO 22
20 PRINT "THE NORMALISATION CHANNEL " jj "WAS ZERO." 
22 print j,da(j) 
next j
rem TO CALCULATE DEPTH ASSOCIATED WITH EACH CHANNEL 
111 for j=J0 to (J2 -Jl+jO)
rem FIRST DO CALCULATION OF MEASURED PROTON ENERGY OF
CHANNEL J
ep = epO +(j-j0)*ke/1000
z=0
rem THEN DO CALCULATION OF ESTIMATED HE3-ENERGY 
ASSOCIATED WITH CHANNEL }
30 b=-(2*sqr(m3*mp*ep)*cos(phi)) 
a=m3-m4
c=(mp+m4)*ep-m4*q 
ansl=(-b+sqr(bA2-4*a*c)) /  (2*a) 
e3=anslA2 
e=e3
gosub 130
rem RANGE OF HE3 IN POLYSTYRENE ASSOCIATED WITH CHANNEL J
IN MICRONS
Re3=range
if z=l goto 31
e=e3b
gosub 130
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rem  RANG E OF IN CID EN T HE3 IN  POLYSTYRENE IN  M ICRONS 
R e3b=range
rem  DE(J)-INITIAL ESTIM ATION O F DEPTH  A LO NG  THE BEAM 
D IRECTION IN  M ICRONS
rem IS DIFFERENCE IN RANGES OF Re3b AND Re3 
de(j)=Re3b-Re3
rem NOW ESTIMATE TRUE PROTON ENERGY AT THIS DEPTH
rem DEPDX IS IN MEV/MICRON - FOR 12 MEV PROTONS in polystyrene
depdx=0.0043
ep=ep+depdx*de(j)*sin(alpha)/sin(phi-alpha)
rem  N O W  W ORK O U T REVISED HE3 ENERGY AT THIS DEPTH, REVISED
RA N G E A N D  D EPTH
z='l
go to  30
31 de(j)=Re3b-Re3
rem  D EPTH  PERPENDICULAR TO SURFACE IN  M ICRONS 
xxx=de(j)*sin(alpha)
PR IN T j,xxx 
40 NEXT j
inpuf'Have you finished ? (Type YES or NO ) :",A$
aa$=lcase$(a$)
aaa$=left$(aa$,l)
if(aaa$="y") then  goto 119
goto 171
124 input "he3 beam energy in MEV (e.g. 1.1) : " ,e3b 
rem convert ion energy to he3-nucleus energy 
e3b=e3b*m3/(m3+.511)
RETURN
125 in p u t "angle of detecto r in  degrees (e .g !60) :",ang 
RETURN
126 input "angle of sample to beam (normally 90 deg) in deg. :",alph 
RETURN
127 ?”Input SMOOTHED Normalisation Filename: line input namein2$
OPEN namein2$ AS #4 LEN=8605
FIELD #4,2 AS F$,2 AS M$,2 AS S$,2 AS E$,2 AS Rl$,_
2 AS R2$,2 AS L l$ ,2  AS L2$,8 AS D$,4 AS T$,_
2 AS C$,2 AS N$,8192 AS I$,321 AS FF$,60 AS P$
GET #4
PRINT namein2$; " INFO.: ":PRINT P$
CLOSE #4
in pu t " enter 1st channel -5 channels below half-height of leading edge:",jln 
INPUT "ENTER PROTON ENERGY PER CHN. IN keV/CHN.(7.88 for 
Durham) :",ke
open namein2$ as #4 len=16
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fie ld  #4, 4 as a$, 4 as b$, 4 as c$, 4 as d$
tempsize= lof(4)/16
for i= 3 to tempsize
get 4,i
m=(i-2)*4
l(m -3) = cvl(a$)
l(m-2) = cvl(b$)
l(m-l) = cvl(c$)
l(m) = cvl(d$) 
n ex t i 
CLOSE #4 
RETURN
rem Range calculated for HE3 in polystyrene
rem 130 range = .351295*e +.978538*eA2 +.837949*eA3 + .221045*eA4
rem  Range calcu la ted  for HE3 in  rig id  PVC
130 range = 0.567 +0.00356*e - 7.43e-7*eA2 +9.29e-10*e-A3 -1.72e-13*eA4
return
119 stop
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